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FOREWORD 


This  report  describes  a  computer  program  developed  at  the  Douglas 
Aircraft  Division  of  the  McDonnell  Douglas  Corporation,  Fong  Beach, 
California.  The  development  of  the  Douglas  Arbitrary-Body  Aero¬ 
dynamic  Computer  Program  was  started  in  1964  and  greatly  expanded 
in  subsequent  years  under  sponsorship  of  the  Douglas  Independent 
Research  and  Development  Program  (IRAD).  From  August  1966  to 
May  1967  the  program  development  was  continued  under  Air  Force 
Contract  No.  F336  1567-C-1008.  The  product  of  this  work  was  the 
Mark  II  version  of  the  program  as  released  for  use  by  government 
agencies  in  May  1967.  Between  1967  and  1968  further  Douglas  IRAD 
work  and  another  Air  Force  Contract  (F336 15 -67-C1602)  produced  the 
Mark  111  Hypersonic  Arbitrary-Body  Program.  The  latest  version  of 
the  program  as  presented  in  this  report  is  identified  as  the  Mark  IV 
Supersonic-Hypersonic  Arbitrary-Body  Computer  Program  and  was 
prepared  in  the  period  of  1972-73  under  Air  Force  Contract  F33615- 
72-C-I675.  This  contract  was  administered  by  the  Air  Force  Flight 
Dynamics  Laboratory.  Flight  Mechanics  Division,  High  Speed  Aero 
Performance  Branch,  The  Air  Force  Project  Engineers  for  this  study 
were  Verle  V.  Bland  Jr,  ,  and  Captain  Hugh  Wilbanks,  AFFDL/FXG. 

At  the  Douglas  Aircraft  Company,  this  work  waa  conducted  under  the 
direction  of  Mr.  Arvel  G.  Gentry  as  Principal  Investigator.  A  number 
of  major  parts  of  the  new  program  were  prepared  by  Mr.  Douglas  N. 
Smyth.  Mr.  Wayne  R.  Oliver's  work  in  applying  the  various  versions 
of  this  program  to  practical  design  problems  contributed  both  in  pro¬ 
gram  design  and  m  program  validation.  A  number  of  other  people 
contributed  to  the  various  phases  of  this  work  for  which  the  authors 
are  grateful. 

This  report  waa  submitted  by  the  authors  in  November  1973. 

This  technical  report  h'ts  been  reviewed  and  is  approved. 
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ABSTRACT 


This  report  describes  a  digital  computer  program  system  that  is 
capable  of  calculating  the  superso  dc  and  hypersonic  aerodynamic 
characteristics  of  complex  arbitrary  three -dimensional  shapes. 
This  program  is  identified  as  the  Mark  IV  Super  sonic -Hyper  sonic 
Arbiti«.ry-Body  Computer  Program.  This  program  is  a  com¬ 
plete  reorgaci^ati^n  and  expansion  of  the  old  Mark  HI  Hypersonic 
Arbitrary- Body  Program.  The  Mark  IV  program  has  a  number 
of  new  capabilities  that  extend  its  applicability  down  into  the 
super sonic  speed  range. 

The  outstanding  features  of  this  program  are  its  flexibility  in 
covering  a  very  wide  variety  of  problems  and  the  multitude  of 
program  options  available.  The  program  is  a  combination  of 
techniques  and  capabilities  necessary  in  performing  a  com¬ 
plete  aerodynamic  analysis  of  supersonic  and  hypersonic  shapes. 
These  include:  vehicle  geometry  f  •eparation;  computer  graphics 
to  check  out  the  geometry;  analysis  techniques  for  defining 
vehicle  component  flow  field  effects;  surface  streamline  computa¬ 
tions;  the  shielding  of  one  part  of  a  vehicle  by  another;  calculation 
cf  surface  pressures  using  a  great  vaiietyof  pressure  calculation 
methods  including  embedded  flow  field  effects;  and  computation 
of  skin  friction  forces  and  wail  temperature. 

Although  the  program  primarily  uses  local-slope  pressure  ealeu 
lation  methods  that  are  most  accurate  at  hypersonic  speeds,  its 
capabilities  have  been  extended  down  into  the  supersonic  speed 
range  by  the  use  of  embedded  flow  field  concepts.  This  permits 
the  first  order  effects  of  component  interference  to  be  accounted 
for. 

The  program  is  written  in  FORTRAN  for  use  on  CDC  or  IBM 
type  computers. 

The  program  is  documented  in  three  volumes.  Volume  I  is  pri¬ 
marily  a  User's  Manual,  Volume  II  gives  the  Program  Formulation, 
and  Volume  HI  contains  the  Program  Listii.v  s. 
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SECTION  1 


INTRODUCTION 


The  basic  objective  of  this  work  was  to  provide  a  theoretical  analysis  tool 
for  use  in  studying  the  aerodynamic  characteristics  of  vehicles  operating 
at  speeds  from  about  Mach  2  on  up  into  the  hypersonic  range.  This  pro¬ 
gram  was  to  be  capable  of  predicting  the  aerodynamic  characteristics  of 
arbitrary  wing-body-fin  configurations  including  the  determination  of  em¬ 
bedded  flow  region  effects,  the  effects  ot  wing -body  and  wing -fin  interfer¬ 
ence,  and  give  improved  viscoua  flow  results.  One  key  requirement  was 
that  the  geometry  data  input  be  compatible  with  the  Mark  III  Hypersonic 
Arbitrary-Body  Aerodynamic  Computer  Program. 

The  basic  tenet  of  this  project  was  that  it  employ  '  engineering  methods" 
that  represent  a  realistic  modeling  of  the  actual  flow  about  a  shape.  The 
basic  guide  line  was  that  the  program  produced  should  be  a  flexible  engi¬ 
neering  tool,  usable  by  the  designer  in  day-to-day  design  and  development 
work,  rather  than  a  specialized  research  program  requirii  g  extensive 
knowledge  for  successful  operation  and  large  amounts  of  computer  time. 

In  addition  to  the  above  it  was  desirable  that  the  new  program  retain  as 
many  of  the  capabilities  oi  the  old  Mark  III  Hypersonic  Arbitrary -Body 
Program  as  possible.  This  would  make  the  program  equally  applicable 
lo  interceptors  and  fighters  and  to  space  shuttle  vehicles. 

The  result  of  this  work  in  response  to  these  objectives  is  the  Mark  IV 
Supersonic-Hypersonic  Arbitrary- Body  Piegram.  To  a  certain  extent, 
the  Mark  IV  program  is  a  re-structuring  of  the  old  Mark  HI  program.  It 
does,  of  course,  make  extensive  use  of  code  from  the  Mark  III  program. 
Moreover,  the  geometry  decks  prepared  for  the  Mark  HI  program  are 
still  directly  usable  on  the  new  program.  However  the  framework  for 
the  Mark  IV  program  differs  from  the  old  program  in  that  each  basic  type 
of  analysis  is  accomplished  in  a  separate  program  component.  Each  of 
the  major  program  functions  are  placed  in  separate  components  with  the 
interface  between  components  provided  by  an  executive  routine  and  access 
to  appropriately  stored  and  saved  data. 

The  executive  routine  controls  the  order  of  calls  to  the  Geometry,  Aero, 
Graphics,  and  Auxiliary  Routines.  The  Geometry  component  has  all  of 
the  capabilities  of  the  Mark  III  Mod  3  Hypersonic  Arbitrary-Body  Pro¬ 
gram.  These  include,  input  element,  ellipse  generation,  parametric 
cubic,  and  the  Aircraft  Geometry  Option. 

The  Aero  part  of  the  program  contains  six  major  independent  components: 
Flow  Field  Analysis,  Shielding,  Inviscid  Pressures,  Streamline  Analysis, 
Viscous  Methods,  and  Special  Routines.  Each  of  these  components 
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generates  data  that  is  saved  on  storage  un:l.s  fc.r  subsequent  use  by  other 
components.  Because  of  this  new  fi  amework  ioi  the-  program  all  of  the 
input  data  to  the  program  (except  for  the  geometry  data)  is  different 
from  that  used  on  the  Mark  III  program. 

The  Flow  Field  Analysis  component  is  one  of  the  key  nc-v  capabilities  of 
the  program.  With  it  we  can  generate  and  store  the  external  flow  field 
of  a  vehicle  component.  This  flow  field  can  then  bo  retrieved  by  the 
force  part  of  the  program  and  used  to  define  the  incident  flow  conditions 
for  another  component.  In  tlii3  way  we  can  account  for  the  first  order 
interference  effects  between  different  parts  of  a  vehicle.  A  surface 
spline  method  is  used  to  interpolate  data  within  the  flow  field  and  for 
several  other  purposes  within  the  program. 

The  Shielding  component  also  provides  a  new  capability  ir.  the  Mark  IV 
program.  This  option  may  be  used  to  account  for  the  shielding  from  the 
external  impact  flow  of  one  part  of  a  vehicle  by  another  part. 

The  new  viscous  parts  of  the  program  provide  the  capability  of  calcu¬ 
lating  skin  fiction  properties  using  an  integral  boundary  layer  program. 
These  computations  are  performed  using  external  flow  properties  along 
the  program  calculated  surface  streamlines. 


The  fix  s t  Douglas  a  r  b  i  1 1  a v y  body  pj-egr<tm  wus  sturteo  in  .July  jyo*4, 
almost  ten  years  ago.  The  objective  of  the  program  at  that  time  was  to 
fill  the  aerodynamic  analysis  gap  that  existed  between  the  linear  theory 
methods  (for  simple  shapes  and  lov.  supersonic  speeds),  and  the  detailed 
gas  dynamic  solutions  using  the  method  of  characteristics  or  finite 
difference  techniques  (simple  shapes  and  very  long  computer  times). 
Linear  theory  methods  have  been  improved  considerably  in  the  past  ten 
years,  but  they  still  cannot  handle  completely  arbitrary  shapes  and  they 
do  not  account  for  the  non-linear  effects  as  Mach  number  increases. 
Also,  the  detaile  d  gas  dynamic  solutions  still  require  too  much  machine 
time  for  them  to  be  classified  as  tools  useful  in  the  many  day-to-day 
studies  in  most  vehicle  design  and  evaluation  efforts. 


The  Mark  IV  Supersonic-hypersonic  Arbitrary-Body  Program  is  pro¬ 
vided  as  an  engineering  rather  than  a  research  tool.  As  such,  the 
accuracy  of  its  results  should  not  be  expected  to  be  as  good  as  some  of 
the  moi’e  exact  methods  (when  applied  to  shapes  and  conditions  where 
they  are  specifically  designed  for).  However,  when  solving  problems 
outside  the  range  of  the  linear  or  more  exact  methods,  or  when  studying 
complex  arbitrary  shapes,  the  Mark  IV  program  should  produce  very 
useful  results. 


Throughout  this  report  it  will  be  assumed  that  the  reader  is  familiar 
with  the  contents  of  Volume  I,  the  User's  Manual.  Discussicrs  of 
earlier  versions  of  this  program  are  given  in  References  1  and  2. 

This  report  contains  descriptions  of  the  analysis  techniques  used  within 
the  program.  Throughout  these  discussions  an  attempt  has  been  made 
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to  maintain  mathematical  notations  consistent  with  the  appropriate 
reference  involved.  This  will  assist  the  reader  in  comparing  the 
approaches  with  the  original  reference  material  at  some  slight  loss  in 
continuity  within  the  present  report.  This  policy  has  also  been  used 
in  the  selection  of  many  of  the  program  variable  names. 

Volume  I  of  this  report  contains  the  input  instructions  for  this  program. 
Volume  III  contains  the  source  language  listings.  The  program  will 
run  on  CDC  types  of  computers  using  the  CDC  FTN  compiler.  The 
program  also  contains  all  the  code  necessary  for  operation  on  IBM 
computers,  except  that  in  the  listed  decks  the  "IBM  only"  cards  are 
made  inactive  with  a  C  in  column  1  and  identified  with  an  l  in  card 
column  80.  A  small  converter  program  is  furnished  to  convert  the 
program  form  one  machine  to  the  other. 


SECTION  II 


PROGRAM  FRAMEWORK 


The  major  features  desired  in  this  program  were: 

1.  Provide  the  ability  to  analyze  completely  arbitrary  three-dimensional 
shapes. 

2.  Provide  a  component  build-up  capability  where  each  vehicle  component 
may  be  of  arbitrary  shape. 

3.  Include  a  number  of  force  analysis  methods  so  that  the  program  would 
have  the  widest  possible  application  to  various  vehicle  shapes  and 
flight  conditions. 

4.  Provide  the  capability  to  use  the  best  force  calculation  method  for  each 
vehicle  component  but  leave  the  actual  method  selection  up  to  the  user. 

5.  Provide  engineering  methods  to  account  for  the  effect  of  the  flow  field 
generated  by  one  component  on  the  characteristics  of  another  component. 

6.  Provide  for  convenient  storage  of  data  between  program  components. 

7.  Develop  a  total  analysis  system  framework  that  is  adaptable  to  con¬ 
tinued  improvement  and  expansion. 

8.  Keep  the  program  as  small  and  as  fast  as  possible  consistent  with  the 
above  goals  and  requirements. 

9.  Prepare  the  program  decks  so  that  they  will  run  either  on  CDC  or  IBM 
computers  with  a  minimum  of  effort  required  to  convert  from  one  to  rhe 
other. 

10.  Keep  the  program  input  data  as  simple  as  possible  consistent  with  the 
requirements  of  program  flexibility. 

It  is  felt  that  the  new  Mark  IV  program  meets  each  of  these  requirements 
(although  some  new  users  may  take  exception  to  Item  10  above). 

The  Mark  IV  program  is  a  modularized  computer  program  designed  to 
handle  a  variety  of  high  speed  vehicle  analysis  problems.  Mathematically, 
the  methods  used  in  each  progr  am  component  are  not  what  one  would  call 
complex  or  sophisticated.  However,  when  all  of  these  capabilities  are 
tied  together  in  one  place,  the  result  is  a  very  large  program  with,  in 
many  cases,  some  rather  complex  code.  The  functional  organization  of 
the  program  :s  shown  in  Figure  1. 

The  detailed  description  of  the  various  theoretical  methods  used  in  the 
program  are  presented  on  the  following  pages. 
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SECTION  III 


GEOMETRY 


The  new  Mark  IV  Arbitrary-Body  Program  maintains  all  of  the 
geometry  capabilities  of  the  old  Mark  III  program.  However,  in 
the  new  program  these  capabilities  are  combined  within  a  single 
program  component  that  can,  if  required,  operate  as  a  stand-alone 
program.  The  basic  capabilities  of  the  new  program  include  (1) 
input  elements,  (2)  ellipse  generation,  (3)  parametric  cubic,  ana 
(4)  the  complete  Aircraft  Geometry  Option  of  the  Mark  III  Mod  3 
program.  These  methods  provide  the  flexibility  required  to 
analyze  a  variety  of  shapes  ranging  from  very  simple  surfaces  to 
the  most  complex  forms.  If  desired,  all  of  these  methods  could 
be  used  in  describing  a  single  vehicle  shape.  This  general 
process  is  illustrated  in  the  diagram  below. 


The  use  of  a  basically  simple  geometry  representation  concept 
has  been  a  key  feature  in  the  development  and  success  of  the 
Mark  III  Hypersonic  Arbitrary-Body  Program.  Many  of  the 
capabilities  and  options  that  were  added  to  the  program  during 
its  years  of  development  would  not  have  been  possible  (or  very 
difficult  to  incorporate  at  best)  if  a  more  complicated  basic 
geometry  approach  had  been  used  originally. 

The  piinciples  involved  in  the  application  of  each  of  these 
geometry  methods  are  discussed  in  detail  in  the  User's  Manual 
and  need  not  be  covered  here.  The  principal  mathematical 
techniques,  however,  are  important  from  the  programming 
standpoint  and  will  be  discussed  on  the  following  pages. 
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The  Surface  Element  Geometry  Method 


The  basic  geometry  method  used  by  this  program  is  the  surface 
element  or  quadrilateral  method.  This  method  was  developed  by 
J.  L.  Hess  and  A.  M.  O.  Smith  for  the  Douglas  Three-Dimensional  - 
Potential  Flow  Program  (Reference  3).  For  completeness,  certain 
parts  of  this  report  will  be  included  in  the  following  discussions. 

The  coordinate  system  used  for  this  analysis  is  a  right-handed 
Cartesian  system  as  shown  in  the  figure  below. 


0IAG0NAL  VECTORS  T,  mi  T, 

Tu^Xj-V,  T;,  =  Yj  -  Y|  T!t  =  Zs-Z, 

Tj,  -  X,  -  Xj  T,y  =  Y«  -  V;  T,,  =  Z,  -  Zj 

UNIT  NORMAL  N  =  T,  «  T, 

N,  s  T,,Ti,  -  T)yT,,  n,  =  N,/N 

K,  =  T.,TJt  -  Tj.T i,  n,  =  N,/N 

N,  ~  T?,l  jy  -  TiJt,  n,  -  N,/N 

N  =  v^TTnTTnJ 
AVERAGE  POINT 

x  -  fc(X,  4  X,<  X,<  X.) 
y  =  HCY,  ♦  Y,  ♦  Y,  4  V,) 
i  -  !i(Z|  ♦  Z,  +  Zj  *  Z«> 

CORNER  POINT  PROJECTION  DISTANCE 
6h  =  -  Xh)  i  r^y  -  Yk)  4  r/z  -  Z.) 

k  -  1.  7.  3.  A 

CORNER  POINT  COORDINATES 
X.  =  X.  4  nA 
Yi  =  Y,  t  nA 


Zk  -  Zk  t  nA 


In  the  conventional  use  of  this  program  the  vehicle  is  usually  positioned 
with  its  nose  at  the  coordinate  system  origin  and  with  the  length  of  the 
body  stretching  in  the  negative  X  direction.  The  slight  inconvenience  of 
this  negative  sign  on  the  body  stations  has  been  accepted  so  that  the 
geometric  data  will  be  compatible  with  the  Douglas  potential  flow  pro¬ 
gram  (Neumann  Program). 

The  body  surface  is  represented  by  a  set  of  points  in  space.  These 
points  are  selected  on  the  body  surface  and  are  used  by  the  method  to 
obtain  an  approximation  to  this  surface  that  is  used  in  subsequent  cal¬ 
culations.  If  the  four  related  points  of  each  set  are  connected  by 
straight  linjs  we  may  obtain  a  picture  of  how  the  input  surface  points 
are  organized  to  describe  a  given  shape.  This  has  been  done  in  Fig¬ 
ure  2.  The  input  scheme  has  been  designed  so  that  each  point  need 
only  be  input  once  even  though  it  may  be  a  member  of  as  many  as 
four  adjacent  sets  of  points.  This  is  accomplished  by  the  use  of  an 
additional  parameter  fer  each  point  besides  the  X,  Y,  and  Z  values. 

This  parameter  (known  as  the  status  flag)  indicates  whether  a  point  is 
a  continuation  of  a  column  of  points  (STATUS  -  0),  the  beginning  of  a 
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Figure  2.  Output  from  Perspective  Drawing  Program 


new  column  of  points  ( -  i ) ^  the  iirst  point  oi  a  new  section  of  elements 
(“2),  or  the  last  point  input  for  the  shape  (-3). 

As  may  be  seen  from  the  drawings  made  by  the  Picture  Drawing  Pro¬ 
gram,  the  different  areas  of  a  vehicle  may  require  a  different  organiza¬ 
tion  and  spacing  of  surface  points  for  accurate  representation.  Each 
such  area  or  organization  of  elements  is  called  a  section  and  each  sec¬ 
tion  is  independent  of  all  other  sections.  The  division  of  a  vehicle  into 
a  given  set  of  sections  may  also  be  influenced  by  another  consideration 
since  the  force  calculation  program  may  be  made  to  calculate  the  force 
contributions  of  each  section  separately,  using  different  calculation 
methods . 

The  input  surface  points  are  not  sufficient  in  themselves  for  the  force 
calculations.  Each  set  of  four  related  points  which  form  an  individual 
element  must  be  converted  into  quantities  useful  to  the  program.  This 
is  accomplished  by  approximating  each  element  area  of  the  vehicle  by 
a  plane  quadrilateral  surface.  Since  we  are  using  four  surface  points 
to  fo^m  an  element,  no  single  surface  will  contain  the  points  themselves. 
Also,  adjacent  plane  quadrilateral  edges  will  not  necessarily  be  co¬ 
incident.  With  a  sufficiently  small  size  of  the  surface  elements  this  wi.l 
he  of  no  consequence  in  the  end  results. 

The  mathematical  technique  used  in  converting  an  input  set  of  four 
points  into  a  plane  quadrilateral  element  is  described  below.  The 
figure  below  gives  a  representation  of  the  input  element  points  with 
each  point  identified  consecutively  around  the  element  by  the  sub¬ 
scripts  1,  2,  3,  and  4,  respectively. 
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2  3 


The  coordinates  in  the  reference  coordinate  system  are  as  follows: 
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The  superscript  i  identifies  the  coordinates 

as  input  coordinates.  We 

j 

next  form  the  two  diagonal  vectors 
these  vectors  are 

M.  t2- 

The  components  of 

—  i  i 

Tlx  x3  '  X1 

T.  = 

ly 

i  i 

y3  “  yl 

_  i  i 

lz  3  1 

s 

_  i  i 

T2x  '  x4  '  x2 

T,  = 
2y 

i  i 

y4  '  y2 

T,  =  Z*  -  z\ 

2z  4  2 

■i 

The  unit  normal  vector,  iT,  to  the  plane  cf  the  element  is  taken  as  N 
divided  by  its  own  length  N  (direction  cosines  of  outward  unit  normal). 


n 

y 


N 

N 


n 


z 


N 
_ z 

N 


where 


N 


The  plane  of  the  element  is  now  completely  determined  if  a  point  in 
this  plane  is  specified.  This  point  is  taken  as  the  point  whose  co¬ 
ordinates,  x,  y,  z  are  the  averages  of  the  coordinates  of  the  four 
input  points. 


i  r  • 

?  K  + 
?  |yi  + 
?  hi 


X, 


1  .  1 

*3  *  *4 


i  ,  i  ,  i 
y2  +  y3  *  y4 


1 

3 


4 

+  z\  +  z\  +  z* 
2  3  4 


Now  the  input  points  will  be  proje  jted  into  the  plane  of  the  element 
along  the  normal  vector.  The  resulting  points  are  the  corner  points 
of  the  quadrilateral  element.  The  signed  distance  of  the  k-th  input 
points  (k  =  1,  2,  3,  4)  from  the  plane  is 

dk  =  nx<*  “  xk)  +  ny^  '  yk*  +  nz(*  "  zk^  k  =  h  2*  4 

It  turns  out  that,  due  to  the  way  in  which  the  plane  was  generated  from 

the  input  points,  all  the  d^'s  have  the  same  magnitude,  those  for  points 

1  and  3  having  one  sign  and  those  for  poin.s  2  and  4  having  the  opposite 
sign.  Symbolically, 

\  =  (-  l)k-1dj  k  =  1,  2,  3,  4 
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The  magnitude  of  the  common  projection  distance  is  called  d,  i.e.  , 


The  coordinates  of  the  corner  points  ir  the  reference  coordinate  system 
are  given  by 


i 


x’  +  n  d. 
k  x  k 


vl  *  nv  dv 


z  +  n  d, 
K  z  k 


k=  1,  2,  3,  4 


Now  the  element  coordinate  system  must  be  constructed.  This 
requires  the  components  of  three  mutually  perpendicular  unit 
vectors,  one  of  which  points  along  each  of  the  coordinate  axes  of 
the  system,  and  also  the  coordinates  of  the  origin  of  the  coordinate 
system.  All  these  quantities  must,  be  given  in  terms  of  the  reference 
coordinate  system.  The  unit  normal  vector  is  taken  as  one  of  the 
unit  vectors,  so  two  perpendicular  unit  vectors  in  the  plane  of  the 
element  are  needed.  Denote  these  unit  vectors  tj  and  t^.  The 

vector  tj  is  taken  as  Tj  divided  by  its  own  length  Tj,  i.e.  , 
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The  vector  is  defined  by  =  n  X  t^,  so  that  its  components  are 

t.,  =  n  t,  -  n  t. 

2x  y  lz  z  ly 

t->  =  n  t,  -  n  t, 

2y  z  lx  x  lz 

t,  =  n  t.  -  n  t. 

2z  x  ly  y  lx 

The  vector  is  the  unit  vector  parallel  to  the  x  or  4  axis  of  the 
element  coordinate  system,  while  t^  is  parallel  to  the  y  or  r)  axis, 
and  n  is  parallel  to  the  z  or  (,  axis  of  this  coordinate  system. 

To  transform  the  coordinates  of  points  and  the  components  of  vectors 
between  the  reference  coordinate  system  and  the  element  coordinate 
system,  the  transformation  matrix  is  required.  The  elements  of  this 
matrix  are  the  components  of  the  three  basic  unit  vectors,  t^,  t^,  and 
n*L  Tc  make  the  notation  uniform  define 


aii  * 

llx 

a12  * 

S- 

a13 

NJ 

>*— 

II 

a21  = 

fc2x 

a22  = 

l2y 

a23 

=  t, 
2z 

a31  = 

n 

X 

a32 

n 

y 

a33 

=  n 

z 

transformation 

matrix 

is  thus  the 

3rr 

ay 

all 

a12 

al  3 

Z  i 

a22 

a23 

a3 1 

a32 

a33 

To  transform  the  coordinates  of  points  from  one  system  to  the  other, 
the  coordinates  of  the  origin  of  the  element  coordinate  system  in  the 
reference  coordinate  system  are  required.  L.el  these  be  denoted  xq, 

yQ,  zq.  Then  if  a  point  has  coordinates  x’,  y1,  a'  in  the  reference 

coordinate  system  and  coordinates  x,  y,  z  in  the  element  coordinate 
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system,  the  transformation  from  the  reference  to  the  element  system 
is 


X 

=  an(x*  -xo) 

+ 

ai2(y'  “  y 

+ 

a13(z'  " 

y 

=  a21(x'  -  xQ) 

+ 

a22(y'  -  y0} 

a23(z'  ~  zo> 

z 

=  a3l(x«  -  xq) 

a32(y'  -  y0} 

+ 

a33(z'  "  Zo> 

while  the  transformation  from  the  element  to  the  reference  system  is 


x' 

=  X 

o 

anx  + 

a2iy 

+  a31z 

y' 

=  yo 

+ 

a12X  * 

a22y 

+  a32Z 

z' 

=  z 

o 

+ 

a13X  + 

a23y 

+  a33z 

The  corner  points  are  now  transformed  into  the  element  coordinate 
system  based  cn  the  average  point  as  origin.  These  points  have  co¬ 
ordinates  x!,  y!  ,  z?  in  the  reference  coordinate  system.  Their  co- 

K  K  K 

ordinates  in  the  element  coordinate  system  with  this  origin  are  de¬ 
noted  by  H*  0.  Because  they  lie  in  the  plane  of  the  element, 

K  K 

they  have  a  zero  z  or  £  coordinate  in  the  element  coordinate  system. 
Also,  because  the  vector  tj,  which  defines  the  x  or  £  axis  of  the 

element  coordinate  system,  is  a  multiple  of  the  "diagonal"  vector 

$  * 

from  point  1  to  point  3,  the  coordinate  *1  j  and  the  coordinate 


are  equal.  This  is  illustrated  in  the  figure  below.  Using  the 
above  transformation  these  coordinates  are  explicitly 


<&2.  V 


Centroid 


'Average  Point] 


(Ij.  ’Ij) 


(ty  n3) 


<44.  n4) 


all(xk  -  x)  +  a12(yk  ■  y)  +  a13(zk  •  E) 


a21(xk-x)  +  a22(xk"y)  +  a23(zk'z) 


*  =  1,  2,  3,  4 


These  corner  points  are  taken  as  the  corners  of  a  plane  quadrilateral 

The  origin  of  the  element  coordinate  system  is  now  transferred  to  the 
centroid  of  the  area  of  the  quadrilateral.  With  the  average  point  as 
origin  the  coordinates  of  the  centroid  in  the  element  coordinate  sys¬ 
tem  are: 

3„2*-n 


.In* 

3  'l 


These  are  subtracted  from  the  coordinates  of  the  corner  points  in  the 
element  coordinate  system  based  on  the  average  point  as  origin  to 
obtain  the  coordinates  of  the  corner  points  in  the  element  coordinate 
system  based  on  the  centroid  as  origin.  Accordingly,  these  latter 
coordinates  are 


1 


k 


k  =  1,  2,  3,  4 


Since  the  centroid  is  to  be  used  as  the  origin  of  the  element  coordinate 
system,  its  coordinates  in  the  reference  coordinate  system  are  required 
for  use  with  the  transformation  matrix.  These  coordinates  are 


x 


o 


x  +  a 


11 


£  +  a 


21 


n 

o 


y  -  y  +  a,  ,  4  +a,,q 
'o  12  o  22  o 

z  =  z  +  a,  ,  4  +  a,,  q 

o  13  o  23  o 


Since  in  all  subsequent  transformations  between  the  reference  coordinate 

system  and  the  element  coordinate  system  the  centx-oid  is  used  as  origin 

of  the  latter,  its  coordinates  are  denoted  x  ,  y  ,  z  .  The  coordinates 

o  '  o  o 

of  the  average  point  are  no  longer  needed.  The  change  in  origin  of  the 
element  coordinate  system,  of  course,  has  no  effect  on  the  coordinates 
of  the  corner  points  in  the  reference  coordinate  system. 

The  lengths  of  the  two  diagonals  of  the  quadrilateral,  tj  and  t2,  are  com¬ 
puted  from 

tj2  =  ({3  -  *i)2 

122  =  (U  -  *2>Z  +  (14  -  n2)z 

The  larger  of  these  is  selected  and  designated  the  maximum  diagonal  t. 

The  body  surface  area  and  enclosed  volume  are  determined  by  summing 
up  the  contributions  of  each  eleinent.  In  terms  of  the  coordinates  of  the 
corner  points,  the  area  of  the  quadrilateral  is 

A  =  \  ({3  -  £1)  (i2  -  n4) 


The  incremental  volume  is  given  by  the  volume  of  the  parallcpepiped 
formed  by  the  element  and  its  projection  onto  the  x  -  z  plane  (the  x  -  y 
or  y-z  planes  would  have  served  equally  well). 

V  =  yQAny 
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Summary 

The  foregoing  procedure  may  be  briefly  summarized  as  follows: 

Each  set  of  four  points  is  converted  into  a  plane-quadrilateral  element 
by  the  procedure  shown  in  the  sketch  on  page  7.  The  normal  to  the 
quadrilateral  is  taken  as  the  cross  product  of  two  diagonal  vectors 
formed  between  opposite  element  points.  Tire  order  of  the  input  points 
and  the  manner  of  defining  the  diagonal  vectors  is  used  to  ensure  that 
the  cross  product  gives  an  outward  normal  to  the  body  surface.  The 
next  step  is  to  define  the  plane  of  the  element  by  determining  the 
averages  of  the  coordinates  of  the  original  four  corner  points.  These 
points  arc  then  projected  parallel  to  the  normal  vector  into  the  piano  of 
the  element  to  give  the  corners  of  the  plane  quadrilateral.  The  corner 
points  of  the  quadrilateral  are  equidistant  from  the  four  points  used  to 
form  the  element.  Additional  parameters  required  for  subsequent  force 
calculations,  quadrilateral  area  and  centroid,  may  now  be  calculated. 

The  spacing  and  orientation  of  the  elements  is  varied  in  such  a  way  that 
they  describe  the  vehicle  shape  accurately.  Since  four  points  are  used 
to  define  the  plane  quadrilateral,  the  edges  of  adjacent  elements  are  not 
coincident.  This  is  not  important,  since  the  pressure  is  calculated  only 
at  the  quadrilateral  centroid.  This  pressure  is  then  assumed  to  be  con¬ 
stant  over  the  surface  of  the  clement. 

The  plane-quadrilateral  surface  description  method  is  not  as  elaborate 
as  some  of  the  other  methods.  It  is  important,  however,  to  note  that 
the  simplicity  of  the  method  permits  the  use  Oi  conventional  exoss- 
sectional  drawings  in  data  preparation  (no  surface  slopes  required)  and 
the  use  of  semiautomatic  data-reading  techniques.  Also,  as  has  been 
illustrated  in  Volume  I,  computer-generated  pictures  are  used  in  check¬ 
ing  the  geometric  data  for  errors. 

Parametric  Cubic 

A  second  technique  for  describing  three-dimensional  curved  surfaces  is 
also  provided  within  the  program.  This  is  a  mathematical  surface-fit 
technique  and  is  identified  as  the  Parametric  Cubic  Method  because  of 
the  general  type  of  equations  used. 

Several  different  mathematical  surface-fit  techniques  are  described  in 
the  literature.  The  one  used  in  this  program  was  adopted  from  the 
formulation  given  by  Coons  of  MIT  (Reference  4  ).  In  this  method  a 
vehicle  shape  is  also  divided  into  a  number  of  sections  or  patches. 

The  size  and  location  of  each  pat  h  depends  upon  the  shape  of  the 
surface. 

The  basic  feature  of  this  method  is  that  only  the  surface  conditions  at  the 
patch  corner  points  are  required  to  completely  describe  the  surface  en¬ 
closed  by  the  boundary  curves  of  the  patch.  The  basic  problem,  how¬ 
ever,  is  the  determination  of  all  the  information  required  at  these  corner 
points,  i.e.,  the  surface  equation  requires  corner  point  surface  deriva¬ 
tives  with  respect  to  the  parametric  variables  rather  than  the  X,  Y,  Z 
coordinates.  This  has  been  solved  by  the  use  of  additional  points  along 
the  boundary  curves  as  will  be  described  later. 
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In  the  following  discussions  we  will  use  the  geometrical  representation 
of  a  surface  patch  as  illustrated  in  the  figure  below. 
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Since  the  basic  surface-fit  equations  and  their  derivatives  are  presented 
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The  X,  Y,  Z  coordinates  of  a  pointon  the  surface  are  related  r  the  two 
parametric  variables  u  and  w.  Tj?us,  a  surface  in  space  is  .  .apped 
into  the  u,  w  unit  square.  The  basic  <p?oblem  is  to  find  the  position 
(X,  Y,  Z)  of  a  point  (u,  w)  in  the  interior  of  the  section  surface.  The 
general  procedure  is  to  first  find  relationships  for  the  four  boundary 
curves.  These  are  defined  as  third-order  polynomials  in  terms  of  the 
parametric  variables.  The  points  on  the  boundary  curves  correspond¬ 
ing  to  u  and  w  (0,  w  and  u,  0,  etc.)  are  then  calculated.  A  general 
surface  equation  is  used  to  calculate  the  properties  at  the  point  u,  w. 
This  equation  uses  biending  or  weighting  functions  to  properly  introduce 
the  influence  of  each  of  the  related  boundary-curve  points  and  the  four 
corner  points.  The  blending  functions  also  ensure  the  continuity  of  the 
slopes  across  the  boundaries  between  adjacent  sections. 


There  are  several  methods  for  calculating  the  direction  cosines  of  the 
tangent  vectors  required  in  the  calculation  of  the  corner-point  deriva¬ 
tives.  Most  require  the  specification  of  additional  surface-boundary 
points,  some  of  which  may  lie  on  the  extensions  of  the  boundary  curves. 
T!  e  derivatives  must  be  calculated,  since  it  would  not  be  practical  t< 
measure  them  directly  from  drawings.  The  method  in  this  program  in¬ 
volves  the  use  of  circular  arcs  through  three  boundary- curve  points,  the 
middle  one  being  a  corner  point. 


The  first  step  in  the  computational  procedure  is  to  determine  the  equa¬ 
tions  for  the  cubic  boundary  curves.  The  equation  used  is  given  by  the 
following  relationship  for  u  =  0. 


X.(0,w)  =  Aw3  +  Bw2  +  Cw  +  D 

where 

ax.  ax. 

+  Tw-  <°.°>  +  a^«M> 

ax.  ax. 

-  2  87(0'0}*li(°*i) 

ax. 

C  = 

D  =  X.  (0.  0) 


A  =  2  [x.  (0,0)  -  X.  (0,  1)J 
B  =  3  [x.  (0.  1)  -  X.  (0.0)] 


Similar  equations  are  needed  for  the  other  three  boundary  curves  with  u 
w  =  0,  and  w  -  1. 

The  missing  items  required  for  the  solution  of  the  above  equations  are  the 
derivatives 


ax.  ax. 

aw  a^0-1** 


etc 


In  the  Arbitrary-Body  Program  these  are  determined  by  passing  a  cir¬ 
cular  arc  through  three  points,  the  middle  point  being  the  corner  point 
itself.  For  completeness,  the  development  of  this  method  is  presented 
and  the  sketch  below  is  useful  in  following  the  derivation. 


Un 
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This  sketch 
The  vectors 


is  a  view  of  the  plane  of  the  circle  withOj,  as  the  base  coordinate. 
Tj,  T^*  and  Tj  are  tangents  to  the  curve  at  the  points  1,  2,  and  3. 


The  tangents  make  the  angles  6 2,  and  6 ^  with  respect  to  U^.  The  chord 
lengths  make  the  angles  and  €  ^  with  respect  to  the  vector  Ujj. 

One  of  the  properties  of  circular  arcs  is  that  the  chord  angle  is  the  average 
of  the  two  tangent  angles. 


6,  +  6Z 


42  +  43 


For  the  coordinate  base  selected  (U^),  7-  0,  therefore. 


-  ~6  ^  and  6 ^  =  +  e2 


The  tangent  vector  at  point  2  is  then  given  by 
T2  =  CosfizU13  +  sin  d2UN 
—  L,, 

U  =  .T^i  •  Li  i  is  chord  vector  between  points  1  and  3. 

13  lLul 

To  determine  U^,  the  binormal  must  first  be  found 


UBN  "  L13*L12 


N 


(unit  vector) 


UN  =  UBN*U13 


The  radius  vectors  (X,  Y,  Z)  for  the  three  points  are 
J,  =  X,i  *  Y,J  +  Z,P 

r,  =  X  T  +  Y  J  +  Z  k 


r3  =  X3*  +  Y33  *  Z3k 


19 


The  chord  vectors  between  the  points  ari 


L12  =  Vrl  = 

-  i0  =  (X3-  X2)I+  (Y,  -  Y,)  j+  (Z, ,  -  Z,)k 


23  3  2 


3  2' 


h3  =  V*1  -  (X3-X1)i+(Y3-Y1)jMZ3-Z1)k 


and  the  chord  angles 


cos  €j  = 


L12  *  hi 

P-'12|  ^13 


L.,  •  L. 


cos  c 


2  =  M  Ln' 


For  convenience  we  will  use  the  shortened  notation: 


L12  =  |L12|'  etC* 


=  I,  I  +  m,  J  +  n,  fc 


Similarly 


U12  =  *2  I+  m2  n2  k 


’bn  =  ra  =  ui3xui2 


i  j  k 


*1  m, 


*2  m2  n2 


=  (m1  r»2  “  m2  nj)  i  -  (1^  n2  -  <2  nj)  J  +  m2  ’  *2  ml^  ^ 


i  k 


1  J 


UN  =  UBNXU13  -  <>-<><> 


1 1  ml  ni 
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=  |-  »,  <^1  »2  -  lz  »1>  -  ™1  <*!  m2  ■  t2  “i»|  i 

'  |nl  <ml  n2  *  mz  nl>  "  l\  (<1  m2  ’  h  ml>l  i 

+  jmj  (m,  »2  -  m2  ^  </j  ^  -  f2  y  |k 

UN  =  /mH  iBj,  J*  »nK 

And  finally  we  obtain  the  tangent  vector 

T2  =  (ij  COS  52+/n  6in  I  +  <mi  cos  S2  +  mN  Bin  fi2)  j 

+  (n^  cos  S2  +  sin  6-j)  k 


where 


*3-  X1 

L13 


ml  = 


Y3-  Y1 
L13 


nl  = 


1/2 


Z3"  Z1 
L13 


L1:3  =  j  (Xz  -  X,)2  +  (Y 3  -  Y,)2  +  <Z,  -  Z,)2! 

*N  =  _!  ni  {ll  nZ  *  4  V  +  ml  (tl  m2  '  lZ  mi)| 

mN  =  -  |  nj  (m,  n2  -  m2  n^  +  ^  </j  m2  -  i,  m^] 

nN  =  |ml  (ml  n2  "  m2  "l1  +  h  Ul  nZ  ~  4  ni)| 


and 


X2-X, 

L!2 


m. 


Y2-Yl 

L12 


n. 


Z2  1  Z1 

L1 2 


L12  s  i(X2-Xl>2  +  <Y2~Yl)2+<Z2'  Z1>21 


1/2 


The  final  end  point  derivatives  are  then  found  from 


dX. 
_ i 

8w 


_^i 

as” 


as 

aw 


=  TL  AS  ;  i  =  1,2,3  for  X,  Y,  Z. 


Zi 


where 


— =  the  boundary  length  since  Aw  "  1  on  the  unit  square  patch 


[<XI  +  1  '  V  +  <YI  *  1  '  Yl'2  +  <Z1  V  1  '  Z/]l/2 


AS  - 


I  =  2  at  the  starting  corner  point 
I  -  NB  -  1  at  t'se  final  point  on  the  boundary  curve 


NB  =  number  of  points  input,  on  the  boundary  with  one  point 
extending  off  each  end  of  the  boundary  curve. 

Once  the  boundary  curves  are  found  the  values  required  for  the  general 
surface  equation  can  be  calculated.  This  equation  is  given  below. 

X.(u,  w)  ---  X.(0,  w)Fo(u)  +  X.(l ,  w)F.(u)  +  X.(u,  0)Fo(w) 

+  X  (u,  1  )F .  (w)  -  X  (0,  0)F  (u)F  (w) 

X  X  1  o  c 

-  X.(0,1)F  (u)F.(w)  -  X  (1,0)F  (u)F  (w) 

1  O  l  1  1  o 

-  X.(l.l)  F^uJFjtw) 

where  the  terms  Fq  and  arc  blending  functions  given  by 


Fj  (u)  =  3uZ  -  2u3 


Fq(u)  -  1  -  F  j  (u) 


F^(u)  =  3w^  -  2w3 


Fq(w)  -  1  -  Fj{w) 


The  program  does  not  use  the  parametric  cubic  geometry  data  directly  in 
the  pressure  calculations.  Instead,  the  parametric  cubic  data  are  used  in 
creating  surface  elements  by  a  systematic  variation  of  the  parametric 
variables  w,  and  u. 

One  advantage  of  the  mathematical  surface-fit  technique  over  the  plane- 
distributed-elerr.jnl  method  is  the  smaller  number  of  surface  points  re¬ 
quired  to  describe  a  shape.  However,  additional  points  are  required  on 
the  boundaries  to  determine  the  required  corner  derivatives.  This  method 
is  not  as  adaptable  to  semiautomatic  data-reading  techniques,  since  the 
organization  of  the  required  input  data  is  more  conhplex,  The  accuracy 
of  this  method  depends  upon  the  distribution  and  orientation  of  the  surface 
sections,  just  as  the  plane-distributed-element  method  depends  upon  the 
distribution  of  the  elements. 
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Aircraft  Geometry  Option 


The  primary  purpose  of  the  Aircraft  Geometry  Option  is  to  provide  a 
convenient  means  for  generating  detailed  element  geometry  lata  for  con¬ 
ventional  airplane  types  of  configurations  that  are  made  up  of  a  fuselage, 
wings,  horizontal  tails,  canards,  fins,  and  nacelles  or  pods.  The  input 
to  the  Aircraft  Geometry  Option  is  in  the  form  of  fuselage  coordinate  data, 
airfoil  ordinates  and  general  planform  shape,  and  element  increment 
control  data.  The  output  consists  of  the  standard  surface  element  data 
(TYPE  3  data  cards)  in  the  format  required  by  the  components  of  the  pro¬ 
gram.  The  configurations  that  may  be  generated  with  this  option  are 
very  general  in  nature  and^rftclude  such  capabilities  as  an  arbitrarily 
shaped  fuselage  with  camber,  cambered  wings  defined  by  a  number  of 
airfoils,  nacelles  and  external  stores  with  circular  cross  sections,  and 
vertical  fins.  The  capabilities  provided  by  the  Aircraft  Geometry  Option 
may  also  be  used  in  conjunction  with  all  tN  other  geometry  generation 
and  input  features  of  the  program  to  form  a  single  vehicle  shape.  For 
example,  it  is  possible  to  generate  the  wing  and  tail  of  a  configuration 
using  the  Aircraft  Geometry  Option,  to  input  a  portion  of  the  fuselage 
using  input  elements,  and  to  complete  the  configuration  using  ellipse  and 
parametric  cubic  generated  data. 


. pv. v. io.i  swi.  .i  should  be  pointed  out  that  the  Aircraft  Geometry  Optio 
was  originally  prepared  as  a  tool  in  checking  out  the  geometry  data  for  the 
NASA  Harris  Wave  Drag  Program.  This  capability  has  been  maintained 
as  a  sub-set  within  the  Aircraft  Geometry  Option  in  its  present  form. 
However,  an  additional  aircraft  surface  type  has  been  added  that  permits 
the  use  of  arbitrarily  oriented  airfoils  in  describing  wing  and  tail  types 
of  surfaces.  Aiso.  the  Aircraft  Geometry  Option  permits  the  use  of 
arbitrarily  orientated  pods  or  nacelles. 


The  input  requirements  and  capabilities  of  the  Aircraf  Geometry  Option 
are  discussed  in  sufficient  detail  in  Volume  I.  However,  there  are  two 
parts  of  the  Aircraft  Geometry  generation  process,  that  of  pods  or 
nacelle3  and  the  general  airfoil  surfaces,  that  do  need  a  bit  more  on 
the  mathematical  development.  This  information  is  given  in  the 
following  discussion. 


Pods  or  Nacelles 


A  pod  or  nacelle  is  a  body  of  revolution  with  its  axis  arbitrarily  located 
with  reference  to  the  vehicle  axis  system.  This  increased  capability 
has  been  added  without  affecting  the  NASA  Wave  Drag  Program  input 
format  (the  NASA  program  is  limited  to  having  the  pod  axis  parallel  to 
the  vehicle  X-axis).  The  pod  is  defined  with  respect  to  its  own  coordi¬ 
nate  system  (X'-Y'-Z'),  the  orientation  of  which  ie  considered  to  have 


been  achieved  through  a  yaw-pitch  sequence  of  rotations.  The  para¬ 
meters  used  in  defining  the  pod  and  the  formation  of  surface  elements 
are  illustrated  in  Figure  3. 


Figure  3.  Pod  or  Nacelle  Geometry. 

Ttie  yaw  angle  and  the  pitch  angle  0  are  derived  by  the  program  from 
'ut  coordinates  of  the  pod  origin  and  end  point; 


sin  0  =  (Zj-  -  Zq)/I. 

sin  </>  =  (Yq  -  YE)/L  *  cos  0) 

where  L  is  the  length  of  the  pod, 

L  =  [(XQ  -XE)2  +  <YC  -  Y£)2  +  (ZQ  -  Ze)2]1/2 
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The  surface  coordinates  in  the  vehicle  axis  system  are  given  by 


r  *1 

m  M 

x  -  ixo 

=  <E'Vo 

-X' 

< 

i 

*< 

0 

Y' 

1 

o 

N 

N 

Z' 

where  (E =  q  i*  the  rotation  matrix  E  *  derived  in  Section  XII 
with  v7  set  equal  to  zero,  and 


j  =  +1  for  arbitrary -body  program  input  coordinates 
=  -1  for  NASA  Wave  Drag  Program  input  coordinates 

Carrying  out  the  multiplication  the  surface  coordinates  become 

X  =  jX0  -X1  cos  0  cos  *]/  -  Y'  sin  *1  +  Z*  sin  0  cos 
Y  =  Y q  *  X'  cos  0  sin  +  Y'  cos  0  +  Z'  sin  0  sin 

T  -  V  x  V '  a 

*•>  -  o  u 

In  the  pod  coordinate  system,  a 
radius  distribution,  R,  is  specified 
as  a  function  of  X'.  Therefore, 

Y'  =  R  cos  to 


Z1  =  R  sin  w 

The  meridian  angle  to  is  taken  to  have 
zero  value  along  the  Y'-axis  to  auto¬ 
matically  account  for  the  sign  of  Z'. 

The  final  expressions  for  the  surface  points  in  the  vehicle  axis  system 
are  thus  given  by 

X  =  jXQ  -  X'  cos  0  cos  ^  +  R(Rin  to  sin  6  cos  0  -  cos  to  sin  \j/) 

Y  =YW  -  X-  cos  6  sin  *!*  +  R(sin  to  sin  0  sin  $  +  cos  to  cos  ifi) 

Z  =  Zw  +  X'  sin  0  +  R  sin  to  cos  # 


t  Z 1  cos  S 
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The  input  information  required  to  define  a  pod  or  nacelle  is  as  follows. 

1.  Number  of  pods  (up  to  9). 

2.  Number  of  stations  to  be  used  in  the  pod  radii  distribution 
Input  (2  to  30).  This  is  the  same  for  all  pods. 

3.  The  X-Y-Z  coordinates  of  the  origin  and  end  of  each  pod 
in  the  vehicle  coordinate  system. 

4.  A  table  of  X-ordinates  (relative  to  pod  origin)  for  the  pod 
radii  distribution. 

5.  Pod  radii  distribution  for  each  pod. 

The  order  of  the  generated  surface  points  is  from  the  bottom  around  to 
the  top.  The  first  point  of  each  pod  has  a  Status  of  2,  each  new  station 
starts  with  a  Status  of  1,  and  all  other  points  have  Status  =  0.  If  the  last 
point  for  a  station  fills  only  the  left  half  of  the  Type  3  Element  Data  Card, 
a  dummy  point  is  generated  to  fill  the  right  half  of  the  card.  When  the 
pod  axis  lies  in  the  X-Z  origin  plane,  only  half  the  pod  is  generated 
(-90°  £  m  £  +90°).  Otherwise  elements  for  the  complete  pod  are 
determined. 

In  addition  to  specifying  the  axis  orientation,  the  number  of  elements  in 
180°  may  also  be  specified.  If  this  expanded  capability  is  not  used  and 
the  input  fields  are  left  blank,  the  program  assumes  the  pod  axis  is 
parallel  to  the  \  ehicle  axis,  and  elements  are  generated  every  15°  in  u> . 


General  Airfoil  Surfaces 


This  geometry  surface  type  may  be  used  to  generate  surfaces  that  are 
defined  by  airfoil  sections  having  arbitrary  orientations  in  space.  The 
airfoils  are  not  confined  to  fixed  planes.  This  more  general  approach 
permits  the  use  of  non-streamwise  airfoil  sections  and  is  useful  in 
describing  intersecting  components  such  as  the  wing  and  tail  fuselage 
junctures.  Input  cards  for  this  surface  type  cannot  be  used  in  input 
to  the  NASA  Wave  Drag  Program. 


The  general  airfoil  surface  is  defined  by  connecting  two  or  more  airfoil 
sections  with  straight  lines.  The  orientation  of  each  airfoil  is  given  by 
coordinates  of  the  leading  and  trailing  edges  and  an  airfoil  rotation  angle. 
The  techniques  used  in  defining  these  airfoils  and  in  performing  the 
necessary  transformation  to  obtain  the  required  Z-Y-Z  coordinates  in 
the  vehicle  coordinate  system  are  discussed  below. 
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Each  airfoil  section  is  defined  relative  to  a  coordinate  system  fixed 
within  the  airfoil.  The  airfoil  thickness  displacements  may  be  measured 
either  from  the  mean-camber  line  along  a  line  perpendicular  to  the  air¬ 
foil  axis  or  on  a  line  that  is  normal  to  the  mean  camber  line.  This  latter 
method  is  used  in  some  of  the  early  NASA  airfoil  documents.  All  airfoil 
section  parameters  are  expressed  as  a  percent  of  the  airfoil  chord.  The 
parameters  used  in  defining  an  airfoil  are  illustrated  in  Figure  A  .  In 
this  illustration  the  airfoil  lies  in  the  V-J;  plane. 


+  Z 


Figure  A.  General  Airfoil  Coordinate  System. 


The  coordinates  of  a  point  on  the  surface  oi  the  airfoil  are  given  by 
the  following  relationships. 

Vp  =  £  +  DZ  *  t  *  cos  5 


Where 

c 


£p  =  f  -  DZ  *  t  *  sin  $ 

z  CU) 

-  ,  the  mean  camber  line  distribution 

C 


the  thickness  distribution 
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I 


tan  8  =  ,  the  slope  of  the  mean  camber  line 


+  1.0  for  the  upper  surface  (thickness 
measured  in  the  +*J  direction) 


=  -1.0  for  the  lower  surface  (thickness 
measured  in  the  -i)  direction) 


In  the  above  general  equations  the  point  on  the  airfoil  is  derived 

by  using  a  thickness  distribution  measured  along  a  line  normal  to  the 


mean  camber  line.  If  the  surface  point  is  to  be  on  a  line  normal  to  the 
airfoil  chord  line,  the  parameter  8  is  set  equal  to  zero.  Both  options 
are  available  in  the  program.  The  upper  surface  of  the  airfoil  is  generated 
first  and  followed  by  the  lower  surface. 


The  airfoil  coordinates  (£,  V)  are  next  transformed  to  the  vehicle  axis 
system.  The  f-17  plane  orientation  is  considered  to  have  been  achieved 
through  a  yaw-pitch-roll  sequence  cf  rotations.  The  yaw  angle  $  and 
pitch  angle  0  (and  also  the  chord  length  C)  are  derived  by  the  program 
from  the  input  coordinates  cf  the  airfoil  leading  and  trailing  edges. 


~  r  /  v 

'  L'“LE 


2 

j  t\r 


V  X 


/  V  _  V  1^1 

-~LE  ~TE'  I 


sin  6  -  (Z-j-E  " 


8 in  =  (Y^e  -  ytE)/C  *  cos  0) 


The  roll  angle  (fi  is  input  explicitly  and  together  with  ip  and  6  are 
positive  in  the  right-handed  sense  of  the  reference  system. 


Zero  values  for  the  rotation  angles  indicate  the  airfoil  is  orientated 
parallel  to  the  X-Z  plane.  Zero  yaw  and  pitch  angles  and  a  +90° 
degree  roll  angle  gives  an  airfoil  in  the  X-Y  plane  (such  as  a  vertical 
tail  root  airfoil). 


The  surface  coordinates  in  the  vehicle -axis  system  are  given  by 


X  -  jX, 


0  c/100 


z  -  z, 


The  rotation  matrix  E  is  derived  in  Section  XII,  Therefore,  the 
desired  airfoil  surface  coordinates  are 


1 


I 


X  -  jX^jg  *  cos  d  cos  +  V  (bin  6  cos  *P  cos  </>  +  sin  ip  sin  </>)]*  C/  100 


Y  =  -  [  £  cos  0  sin  *P  +  V  (sin  6  sin  ip  cos  ip  -  cos  ip  sin  (/>)]*  C/100 

Z  =  ZLE  +  sin  6  +  V  cos  6  cos  ip  ]  *  C/100 

where 

j  =  +!  for  Arbitrary-Body  Program  input  coordinates  (-X) 

=  -1  for  NASA  Wave  Drag  Program  input  coordinates  (+X) 

The  input  information  required  by  the  Aircraft  Geometry  Option  to  define 
a  general  airfoil  surface  is  as  follows. 

1.  Number  of  airfoils. 

2.  Number  of  airfoil  percent -chord  points  used  to 
define  the  airfoils. 

3.  Flags  to  control  the  thickness  distribution  type, 
generation  of  tip  and  root  closure  elements,  and 
repetitive  use  of  mean  camber  line  and  thickness 
distributions. 

4.  A  tabie  of  percent  chord  locations  that  are  to  be  used 
for  the  airfoil  thickness  and  camber  distributions. 

5.  The  X-Y-Z  coordinates  of  the  leading  and  trailing 
edge  of  each  airfoil  section. 

6.  The  roll  angle  O  of  each  airfoil  section. 

7.  The  mean  camber  line  ordinates  in  percent-chord 
at  each  percent  chord  location  for  each  airfoil. 

8.  Thickness  distribution  in  percent  chord  at  each 
percent -chord  position  for  each  airfoil. 


This  surface  type  differs  from  those  previously  described  in  that  repeti¬ 
tive  use  may  be  made  of  the  arbitrary  airfoil  option  on  a  single  pass 
into  the  Aircraft  Geometry  Option.  This  stacking  option  allows  wings, 
fins,  etc.  ,  to  be  generated  on  a  single  pass  into  the  Aircraft  Geometry 
Option.  A  contraol  flag  also  permits  repetitive  use  of  airfoil  data  for 
subsequent  airfoils  to  save  input  time  when  all  the  surface  airfoils  are 
identical.  Tip  and  root  closure  elements  may  also  be  generated  to  give 
a  completely  enclosed  surface. 
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Control  Surface  Geometry 


* 


The  geometry  data  for  a  control  surface  flap  are  input  to  the  program  in  the 
undeflected  position.  The  methods  used  in  transforming  these  data  to  the  re¬ 
quired  deflected  position  are  outlined  in  the  following  discussion. 

The  coordinate  system  used  in  these  derivations  is  shown  in  Figure  5. 


Figure  5.  Control  Surface  Angle  Definitions. 


The  general  procedure  involves  a  coordinate  shift  and  an  appropriate  rota¬ 
tion  to  a  hinge-line  centered  coordinate  system  such  that  the  new  Y-axis 
(Y0)  lies  along  the  hinge  line.  For  ^  and  equal  io  aero  and  with  the  flap 
surface  normal  in  the  negative  z -direction,  the  hinge -line  centered  coordi¬ 
nate  system  has  the  same  directions  as  the  body-axis  system.  The  corner 
points,  centroid,  and  normal  vector  (direction  cosines)  for  each  element 
of  the  flap  are  transformed  into  this  system.  Since  the  flap  is  a  rigid  body 
this  information  i3  independent  cf  flap  deflection  and  the  hinge  moment 
factor  {moment  per  unit  normal  force)  need  only  be  determined  once.  How¬ 
ever,  the  force  magnitude  is  a  function  of  the  deflection  angle  and  requires 
having  the  geometry  of  the  deflected  flap  in  the  vehicle -centered  coordinates 


* 

Note: 


Control  surface  deflection  is  not  in  tne  Mark  IV  Mod  0  release 
but  will  be  added  at  a  later  date. 


The  coordinate  system  shift  is  given  by 


X' 


X  -  X 


HL, 


Y'  =  Y  -  Y 


HL . 


Z'  =  Z  -  Z 


HL , 


where 

(  )ut  is  to  P°int  4  on  the  hinge  line 

hl4 

The  new  coordinates  of  the  flap  in  the  shifted  and  transformed  coordinate 
system  are  given  by 


XL 

0 

Y* 

0 

^  [E] 

Y* 

Z' 

Z1 

0 

where 


[e]  -  [♦][*] 


[*]■ 


cos^  sin  ^  0 

-sin^  cos  ^  0 

0  0  1 


'{>  =  rotation  about  the  Z'  -axis 


[*] 


1  0  0 

0  cos<{>  sin4> 

0  -sin4>  cos4> 


<j>  =  rotation  about  the  X'0-axis 
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The  final  rotation  to  the  deflected  position  (6e  is  the  control  surface 
deflection)  is  given  by 


The  coordinates  of  the  deflected  flap  are  then  transformed  back  to 
vehicle  centered  coordinate  system,  first  through  the  inverse  rotation 


and  then  by  the  coordinate  shift 

X<5e  =  X6e  +  XHL4 

Y6e  =  Y  <$e  +  YhL4 

Z6e  =  Z'<5C  +  ZHL4 


The  rotation  angles  are  defined  for  a  right-handed  system  and  aie 
found  from  the  relationships 


A  check  is  made  in  the  program  and  if  YhLj  <  yHL4  then  the  yaw 

rotation  angle  is  set  to  y  =  it  -  to  position  the  hinge  line  in  the 
proper  quadrant. 


3  2 


The  third  rotation  angle  6e  is,  of  course,  specified  for  a  given  prob¬ 
lem.  It  should  be  noted  in  the  present  approach,  that  the  <  <ordinate 
system  is  rotated  through  th  :  angle  6e,  positive  in  the  right  handed 
sense  for  the  system  defined.  Relative  to  the  physical  prol  ^m,  posi¬ 
tive  &e  corresponds  to  a  flap  deflection  into  the  flow. 

The  hinge  moment  factor  (HMFC-T)  is  simply  a  function  of  the  element 
geometry  and  location,  and  is  defined  as  follows.  The  total  moment 
of  an  element  is  (considering  only  inviecid  forces) 

Mjj  =  (Rj)  x  F)  =  P  (R'o  X  Nq)AREA 

where  _  ( 

Rq  is  the  radius  vector  to  the  element  centroid, 

P  is  the  net  surface  pressure, 

and  AREA  is  the  element  area. 


The  hinge  line  moment  is  just  the  Yq-  component  of  the  total  moment; 

My'o  =  J  o  •  Mo  =  P(HMFCT) 

(Z'o  ^x'o  ‘  X0  area 

Once  the  deflected  flap  is  properly  oriented  in  the  vehicle  centered  co¬ 
ordinates,  the  force  on  each  element  and  hinge  moment  are  determined. 


■“—nn. 


where 


HMFCT  = 
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SECTION  IV 


GENERAL  INTERPOLATION  METHOD 


The  extension  of  the  Arbitrary-Body  Program  to  lower  Mach  numbers 
will  require  greater  use  of  the  Second-Order  Shock-Expansion  method 
in  calculating  surface  pressures  and  flow  fields.  This  requires  that 
streamlines  be  defined  prior  to  the  start  of  the  pressure  calculations. 
These  same  streamlines  may  also  be  used  in  the  viscous  calculations 
and  in  these  applications  it  is  necessary  that  the  number  of  streamlines 
be  kept  reasonably  small.  It  would  be  impractical  to  expect  that  a 
streamline  would  pass  through  every  surface  element,  let  alone  through 
the  actual  centroid  of  the  element.  It  will  therefore  be  necessary  to 
calculate  surface  properties  (both  pressures  and  skin  friction)  along  a 
number  of  streamlines,  and  to  then  use  some  interpolation  scheme  to 
arrive  at  the  properties  at  each  element  centroid  for  use  in  the  force 
integration. 

Briefly,  the  problem  may  be  at  ited  as  follows: 

The  flow  properties  are  calculated  on  a  grid  of  points  defined  by  stream¬ 
lines,  The  vehicle  forces  will  be  summed  over  a  grid  of  points  defined 
by  the  element  centroids.  The  problem,  then,  is  to  determine  the  flow 
properties  at  the  centroids  by  interpolation. 

There  are  two  general  classes  of  interpolation.  These  are  "interpolation 
in  the  small"  or  local  fit  and  "interpolation-in-the -large"  in  which  an 
entire  surface  or  section  is  fit.  Harder  and  Desmarais  have  presented  a 
method,  the  Surface  Spline,  which  is  an  ingenious  resolution  of  the  clas¬ 
sical  problem  of  two-dimensional  interpolation.  It  is  an  "interpolation- 
in-the -large"  scheme  with  all  the  associated  convenience  (irregular  grids) 
and  with  accuracy  rivalling  the  local  fits. 

The  Surface  Spline  Method  is  the  basis  for  the  general  interpolation  pro¬ 
cedure  used  throughout  the  Mark  IV  program.  It  is  used  for  interpolating 
flow  fields  to  determine  interference  effects,  for  interpolating  surface 
velocities  to  calculate  streamlines,  and  for  interpolating  surface  proper¬ 
ties  to  calculate  forces  (inviscid  and  viscous). 

Surface  Spline 

The  surface  spline  is  based  on  the  small  deflection  equation  of  an  infinite 
plate  that  deforms  in  bending  only.  The  procedure  is  to  represent  a 
given  deflection  as  a  symmetric  deflection  due  to  a  point  load  at  the  origin. 
The  entire  surface  is  then  taken  as  the  sum  of  all  the  point  load  distribu¬ 
tions,  subject  to  the  boundary  condition  that  the  surface  becomes  flat  at 
large  distances  from  the  origin.  This  results  in  a  system  of  linear 
equations  which  is  solved  for  the  required  loads  or  in  the  present  applica¬ 
tion,  for  the  spline  coefficients.  The  final  system  of  equations  is 
presented  below  (details  of  tin  derivation  are  given  in  Reference  5  ). 
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A  function  Wj  is  specified  at  n  independent  points  (x: ,  y^)  i  =  1,  n. 

A  system  of  n  4-  3  equations  must  be  solved  for  the  n  +  5  unknowns  a0, 
aj,  a2  and  F£  (i-1,  n). 


F1 4 

F2  +  .  . 

.  + 

Fn  =  0 

X1F1 4 

x2* 2  4  '  • 

.  + 

xnFn  =  0 

ylFl  4 

y2F2  4  *  • 

.  + 

ynFn  =  0 

a  + 


xlal  4  yla2  +  A11F1  +  A12F2  +  •  •  •  +  AlnFn 


W, 


ao  4  x2al  4  y2a2  +  A2 1 F 1  +  A22F2  + 


+  A2nFn  =  W2 


ao  *  Vl  +  yja2  +  V  Fl  +  Aj2  F2  +  •  •  ■  +  AjnFn  =  Wj 


where 


and 


ao  4  xnal  4  yna2  4  Anl  F1  4  An2F2  •  •  •  •  +  AnnFn  =  Wn 


Aij  -  ry^«ru 


2  .2  .  ,  .2 

rij  *  'xi  -  xj)  4  (Yj  *  y0} 


It  is  convenient  to  express  these  equations  in  matrix  form  as  follows: 

1 


0  0  0  I  1 
0  0  0 
0  0  0 
” - T 


1  x„  y 
n  'n 


1 

xl  XZ  x3 

yi  y2  y3 


1 


yr 


1  X1  yl 

1 

1 

A11 

AL2 

A1 3  * 

*  '  Aln 

1  x2  >  2 

1 

1 

A21 

A22 

A23  * 

•  '  A2n 

Anl  An2  An3 


35 


tin 


ao 

0 

al 

0 

a2 

0 

F1 

= 

W1 

F2 

W2 

• 

s 

# 

• 

• 

-Fn 

• 

Using  the  partitions  indicated  for  the  system  coefficient  matrix  and 
compacting  the  notation,  this  may  be  rewritten 


where 

i  =  1 ,  n 

j  =  i,n 

k  ^  1 ,  n  +  3 

/  =  1 ,  M 

These  equations  are  to  be  solved  for  the  spline  coefficients,  [C^  ^  ]. 
(Hk/  ]  represents  the  known  functions  at  the  given  points: 

Hlf  1  0.  h2*  =  0.  H  3/  =  0,  H4/  =  Wlt  H5/  =  W2,  etc. 

The  additional  parameter  l  refers  to  the  number  of  functions  to  be  inter¬ 
polated.  For  example,  the  flow  field  data  are  interpolated  for  six  functions; 
Mach  number,  the  three-direction  cosines  of  the  velocity  vector,  pressure, 
and  temperature.  In  this  case  M=6  and  the  spline  coefficients  are  found 
for  all  six  functions  with  one  calculation  of  the  coefficient  matrix.  The 
matrix  solution  is  obtained  using  the  Douglas  SOLVIT  Routine,  details  of 
which  are  given  in  Reference  6  .  The  method  is  simply  Gausian  triangu- 
larization  adapted  to  the  requirements  of  the  computer  for  the  c-5e  where 
the  coefficient  matrix  is  too  large  to  fit  into  core. 

Linear  Spline 

The  same  approach  could  be  taken  to  define  a  one  dimensional  or  linear 
spline.  Consider  a  function  dependent  on  y  only.  Terms  involving  x 
would  be  removed  and  the  system  reduced  to  order  n  +  2.  This  would 
involve  changes  in  the  coding  logic.  However,  the  above  equations  are 
readily  adapted  to  a  function  of  one  variable.  A  function  independent  of 
x  is  equivalent  to  putting  x  equal  to  a  constant,  say  xc  .  The  second 
equation  of  the  system  becomes 

xc  +  +  F3  *”  *  '  '  +  Fn^  =  0 

This  is  a  multiple  of  the  first  equation  and  the  system  is  indeterminant. 
Also,  since  the  function  is  independent  of  x  then  should  be  equal  to 
zero.  This  is  easily  accomplished  by  setting  the  term  B(2,2)  -  1.  The 
second  equation  now  becomes 

*1  +  xc  <F1  +  F2  +  F3  4  .  .  .  +  Fn)  =  0 
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The  term  in  brackets  is  zero  by  the  first  equation  and  thus  aj  =  0.  The 
system  is  no  longer  indeterminant  and  the  solution  of  n  +  3  system  proceeds 
as  before. 

The  values  of  the  B  matrix  are  summarized  as  follows: 

1.  Surface  Spline 

=  function  of  both  x  and  y 

0  0  0  ‘ 

B  -  0  0  0 

.  0  0  0  . 

2.  Linear  Spline,  Independent  of  x 

=  function  of  y  only 
x  =  constant  =  x 

c 

‘  o  a  o' 

b  =  o  1  c 

ooo. 

3.  Linear  Spline,  Independent  of  y 

Wi  -  function  of  x  only 
y  =  constant  =  yc 

"  0  0  0  ' 

B  =  0  0  0 

0  0  1. 

Symmetry 

If  the  function  being  interpolated  has  a  plane  of  symmetry,  then  use  can 
be  made  of  images  to  improve  the  accuracy  of  the  fit.  Consider  Wj 
specified  at  n  points  (Xj,  y.)  in  the  range  Xj  <  x-  £  xc  and  also  Wj  sym¬ 
metrical  about  xQ.  The  system  of  equations  could  be  written  including 
n  images  in  the  range  xQ  <  xj  <  (2xQ  -  xj).  Transforming  the  x 
coordinate  to 


and  using  -i  notation  to  represent  the  images  the  2n  +  3  system  of 
equations  is 


Adding  symmetric  pairs  of  equations 


2ao  +  al^j  +  +  a2  (yj  +y-j}  +  (A 


+  (Aj,n  +  N, 


Using  the  definition  of  symmetry 


<-i  =  **i 
y-i  =  yi 

w_i  =  w4 


and  also,  that  Ai5  -  r..  /n  ri;2 

where  r^  -  -  4j)2  +  (Yj  -  1 


ic  is  .  udu)’  shown  that 

2  2  /  >  ,  t  \  2 

;  =  r-  .  =  (4-  +  $;} 


t.J  1-J 


1  J 


2  2 
-M-j  ri»j 


Therefore, 


and  the  system  becomes 


n 


£  ri  =  0 

1 

n 

£  nF,  =  0 


where 


*«  +  V2  +  £  (Aj,i  +  Aj.i'Fi  -  wj 
i  =  1 


j  =  l,n 


Aj  •  =  r-^  In  r.  ? 
l»J  IJ  »,J 


r.  .  -  (x.  +  x.  -  2x1  +  (y.  -  y. 

l,j  i  J  o' 


?  1 
“  !  /  - 


The  order  is  reduced  to  n  +  Z  and  aj  =  0.  As  was  the  case  for  a  linear 
spline,  the  n  +  3  system  can  be  solved  by  changing  the  B  matrix  and 
setting  x  =  xc  in  the  [xy]  and  [x.yfc]  matrices. 

Similar  results  can  be  obtained  for  y  symmetry  and  for  both  x  and  y 
symmetry. 


Application  of  the  Surface  Spline  for  Interpolation 

The  surface  spline,  or  any  other  interpolation  scheme,  needs  to  be 
specified  in  appropriate  coordinates  to  do  the  job  correctly.  For  example, 
consider  the  flow  over  a  swept  wing.  Interpolation  relative  to  the  space 
coordinates  used  to  define  the  quadrilateral  elements  will  produce 
erroneous  results.  The  interpolation  must  be  done  in  coordinates  consist¬ 
ent  with  the  physics  of  the  problem  and  for  flow  on  a  swept  wing,  distance 
from  the  leading  edge  and  distance  along  the  span  would  be  proper. 

The  surface  spline,  due  to  the  nature  of  the.  basic  solution  (symmetric 
point  load)  works  best  in  a  one-  to-one  domain  of  the  independent  vari¬ 
ables.  That  is,  for  the  swept  wing,  coordinates  of  relative  chord  and 
relative  span  would  be  used  defining  a  range  of  both  x  and  y  from  0.0  to 
1.0. 

The  process  of  selecting  and  scaling  the  appropriate  coordinates  is 
referred  to  as  normalization  in  the  Mark  IV  program.  Two  different 
categories  of  data  normalization  are  used  in  the  Mark  IV  program.  These 
are  surface  data  and  flow  field  data.  The  normalization  procedures  for 
each  are  described  in  the  following  sections. 
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Surface  Data  Normalization 


Interpolation  of  surface  data  i3  involved  in  the  Surface  Streamline  Option, 
in  the  Input  Pressure  Option,  and  in  the  Viscous  Program  Option.  The 
surface  geometry,  input  in  body  reference  coordinates  (xr,  yr,  zr)  is 
first  transformed  to  the  required  local  reference  system.  The  local  sys¬ 
tem  is  defined  by  the  orientation  parameters  xQr  yQ,  zQ,  t/fQ,  6Qt  and  <t>Q. 
The  local  coordinates  (x,  y,  z)  are  given  by 


[x,  y,  z  ]  =  (  T]  f  xx,  yy,  zz  ] 

where 


[T] 


(CO80oCOSl/k) 

( -  c  o  a  <jtQ  s  in  s  s  in  tfQc  o  s  ) 

( s  in^s  in^t-  c  os^  s  inflQc  o  s  4tQ ) 


(cos0Qsini p0) 

( c  o  s  <f»0  c  o  s  + s  i  n  s  i  n  $Q  s  i  n  4>0 ) 

( -  s  in  <f>Qc  o  st/^ +  c  os  <^s  in  in  ip0 ) 


(-sin0o) 

(sin^cos^) 

(cos<t>0coaQo) 


and 

XX  = 

xr 

-  *o 

yy  = 

yr 

-  y0 

zz  = 

zr 

-  zo 

Also  calculated  are  the  axial,  radial,  and  meridian  coordinates: 

A  =  x 

.  t  >  I /? 
k  =  (y-  +  z“>  '  ' 

=  ARCTAN  (y / -z) 


Six  coordinates  (x,  y,  z,  A,  R,  <J>)  are  now  available  in  the  local  reference 
system  and  the  pair  of  independent  variables  to  be  used  for  interpolation 
are  selected  by  the  input  flag  INORM.  The  five  options  available  are; 


1NORM  =  0, 
INORM  =  1, 
INORM  =  2. 
INORM  =  3, 
INORM  =  4, 


<t>  *  f(A,R) 
z  =  f(x,  y) 
y  -  f(x,  z) 
x  =  f(y,  z) 
R  -  f(A,  4>) 


To  scale  the  data,  the  surfaces  are  grouped  into  two  types:  bodies  and 
lifting  surfaces  (indicated  by  the  input  flag  ISURF  =  0  and  1,  respectively). 
More  complex  surfaces  may  be  composed  from  combinations  oi  these  two 
types.  In  addition,  four  boundary  points  must  be  input  to  scale  the  data. 
These  points  are  input  in  the  body  reference  system  and  transformed  to 
the  six  local  coordinates.  The  boundary  data  are  used  differently  for  each 
surface  type. 

An  example  of  the  use  of  the  boundary  data  for  each  of  the  two  surface 
types  is  discussed  in  detail. 
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1.  Bodies  (ISURF  -  0} 


Consider  &  fuselage  with  approximately  an  axially-symmetric  cross- 
section  shape  about  the  x-axis. 


The  flow  field  is  calculated  using  the  Second-Order  Shock -Expansion 
Method  it  a  number  of  meridian  planes»  say  five. 


Z 


Having  done  this,  the  flow  properties  at  the  centroids  of  the  elements  are 
required  in  order  to  calculate  the  forces  or  streamlines  on  the  body.  The 
meridian  flow  data  has  been  stored  on  Unit  10  and  will  be  recalled  for 
use  in  the  surface  interpolation  routine. 

For  this  case  the  obvious  choice  of  independent  variables  is  the  axial 
coordinate  (A)  and  the  meridian  angle  {<£)  (i.  e.  ,  INORM  =  4). 

The  following  boundary  data  are  input: 

XB(1)  =  XI  XB(2)  =  XN 

Y  B(1 )  =  0.0  YB(2)  -  0.0 

Z  B(l)  =  0.0  ZB(2)  =  0.0 


i 


I 

i 

i 


XB(3)  * 

0.0 

XB(4)  =  0.0 

YB(3)  = 

0.0 

Y3(4)  =  0,0 

ZB(3)  = 

-1.0 

ZB(4)  =  1.0 

The  interpolation  will  be  performed  over  the  length  of  the  body  (XISX^XN) 
and  for  (Os  <£>  <  n). 

If  there  happen  to  be  large  variations  in  flow  properties  between  <j>  =  0  and 
=  v  (because  of  large  a,  or  Mqq),  then  the  interpolation  could  be  seg¬ 
mented.  For  example,  use  three  segments  with  ranges  (0.0  s  s  60°), 
(60°  s  -  120°)  and  (5  20°  s  *£3  s  180°).  Since  the  surface  spline  is  a 
global  m,  segmenting  will  relax  the  constraints  that  must  be  met. 

II.  Lifting  Surface  (ISURF  =  1) 

Consider  a  wing  whose  leading  edge  and  trailing  edge  are  approximately  in 
the  x,y  plane.  The  flow  properties  on  a  lifting  surface  vary  essentially 
with  relative  chord  (x/c)  and  relative  span  (y/b)  and  the  surface  should  be 
normalized  with  respect  to  these  parameters.  Therefore,  use  INORM=  1. 


Z 


X 


flow  planes 


The  four  boundaries  are  input  as  indicated  on  the  sketch.  They  are  first 
transformed  to  local  coordinates  and  the  following  parameters  calculated: 

Hoot  Chord,  CR  =  X3(2)  -  XB(1) 

Tip  Chord,  CT  =  XB(4)  -  XB(3) 

Local  Span,  B  =  YB(3)  -  Yfi(l) 

The  normalised  coordinates  (x/c,  y/b)  for  a  given  point  on  the  surface 
(x,y,  z)  are 

x/c  =  (x  -  XLE)/CY 

y/b  =  (y  -  YB(1)/B 

where  XLE  =  XB(1)  +  |XB(3)  -XB(1))*  y/c 

and  C Y  =  CR  +  (CT  -  CR)  *  y/c 


Flow  Field  Data  Normalization 


The  flow  field  about  a  component  is  made  up  of  various  flow  regions.  In 
the  previous  example  of  flow  on  a  body,  each  meridian  plane  would  be 
designated  a  flow  region.  Each  region  is  specified  by  two  boundary  curves 
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A  typical  flow  region  is  shown  in  the  sketch  in  the  form  of  radial  versus 
axial  distance.  The  nose  station  is  and  the  body  length  is  shown 

at  Al  .  Proper  normalization  is  obtained  using  a  relative  axial  distance 
and  the  shock-layer  distance. 
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For  a  point  located  at  Aj,  Rj,  the  normalized  coordinates  are 


A; 


Ai  ~  aN 

al  -  An 


r  .  Ri  -RBi 

‘  '  B.i  '  BBi 


Curves  of  body  radius  (Rg)  and  shock  radius  (Rs)  as  a  function  of  axial 
distance  A  are  obtained  using  the  linear  spline. 

As  an  example  of  the  appropriateness  of  the  normalization  and  the  accuracy 
of  the  surface  spline,  a  conical  flow  field  is  shown  in  Figure  6.  While 
this  is  a  particularly  simple  ease,  exact  analytical  results  are  available 
for  definition  and  comparison.  The  flow  region  was  defined  by  six  points 
on  each  boundary  curve  (at  stations  A  -  1.0,  2.0,  4.0,  6.0,  8.0  and  10.0) 
and  five  interior  points  wcie  specified  at  each  of  three  stations  (A  =  1.0, 

6.0  and  10.0).  Figure  6  presents  results  for  speed  of  sound  ratio, 
pressure  ratio,  and  radial  velocity  component  interpolated  at  A  =4.0,  and 
clearly  show  the  accuracy  of  the  method. 
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SECTION  V 


FLOW  FIELD  ANALYSIS  METHODS 


At  very  high  hypersonic  Mach  numbers  the  vehicle  generated  flow  sys¬ 
tem  is  relatively  close  to  each  vehicle  component.  For  these  types  of 
f?  iw  systems  the  importance  of  component  interference  is  diminished 
and  component  build-up  methods  may  be  used  with  considerable  success. 
However,  as  the  flight  Mach  number  is  reduced  down  into  the  supersonic 
speed  range  interference  effects  become  very  significant.  Interference 
effects  also  may  be  important  even  at  the  hypersonic  Mach  numbers  if 
the  vehicle  is  composed  of  discrete  components  such  as  is  the  case  for 
airplane  type  wing -body-fin  configurations.  Past  experience  has  also 
indicated  that  even  the  blended  or  all  body  shapes  may  have  significant 
interference-type  effects  when  analyzed  in  yaw. 

A  really  accurate  analysis  of  this  problem  including  interference  effects 
would  require  a  three -dimensional  method  of  characteristics  solution. 
However,  present  mathematical  and  programming  techniques  and  digital 
computer  size  and  speed  limitations  preclude  the  applies  ion  of  the 
method  of  characteristics  to  typical  preliminary  design  problems. 

Prior  to  the  advent  of  the  large  scale  digital  computer  a  number  of 
approaches  were  used  in  the  analysis  of  interference  effects  on  wing- 
body -fm  con  figurations  at  supersonic  speeds.  These  methods,  for 
example  the  work  of  KaatLari  in  Reference  /  ,  have  since  been  replaced 
by  the  linear  theory  finite -element  computer  programs.  However,  these 
early  hand  computational  methods  did  do  a  pretty  good  job  in  the  low 
supersonic  Mach  number  range  and  for  the  simple  wing-body-fin  con¬ 
figurations  for  which  they  were  derived.  The  general  approach  in  these 
methods  was  to  look  at  each  aspect  of  the  flow  and,  with  appropriate 
assumptions  and  simplifications  of  the  vehicle  shape,  to  approximate 
the  overall  effect  of  the  flow  on  downstream  components.  These 
methods  usually  did  not  give  detailed  pressure  distributions,  but  instead 
only  accounted  for  the  interference  effects  in  a  gross  way  on  the  final 
vehicle  aerodynamic  coefficients.  Of  course,  significant  changes  in 
vehicle  shape  (such  as  body  cross-section)  were  not  always  reflected  in 
answers.  Also,  frequent  use  of  slender  body  theory  meant  that  the 
results  could  not  be  extended  up  into  the  hypersonic  speed  region. 

The  use  of  the  digital  computer  has  led  to  methods  that  largely  replace 
these  older  hand,  "engineering"  methods  of  solution  (the  one  notable 
exception  being  the  USAF  DATCOM).  These  computerized  methods, 
which  are  usually  based  on  linearized  theory,  have  been  summarized 
by  Carmichael  in  Reference  8  ,  and  by  Bradley  and  Miller  in  Reference 
9  One  method  in  wide  use  today  is  the  one  of  Woodward  (Reference 
10)  that  uses  finite  elements  or  boxes  to  which  potential  methods  are 
applied.  However,  the  computer  programs  based  on  these  methods  are 
presently  restricted  to  simple  body-of-revolution  and  wing  combinations. 
Even  with  the  addition  of  dihedral  panels,  as  has  been  recently  achieved, 
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the  representation  of  a  shape  is  far  from  what  could  be  called  "arbitrary". 
This  fact,  coupled  with  the  inherent  limitations  of  linear  theory,  means 
that  it  has  limited  direct  use  on  the  more  general  problems  involving 
complex  shapes  and  a  wide  Mach  number  range. 

The  interference  problem,  therefore,  resolves  into  one  that  (1)  demanfs 
the  ability  to  handle  arbitrary  shapes  from  the  geometry  standpoint,  and 
(2)  accounts  for  interference  effects  using  engineering  methods,  yet 
retains  all  basic  features  of  the  true  flow  fields. 

The  fundamental  approach  taken  in  the  Mark  IV  program  is  one  of  flex¬ 
ibility.  It  was  desired  that  the  surface  pressure  method  used  for  one 
component  not  be  inherently  related  or  dependent  on  the  flow  field  method 
used  on  another.  The  vehicle  is  represented  by  a  number  of  components 
and  the  most  appropriate  flow  field  method  is  used  depending  upon  the 
component  shape  and  Eight  condition.  This  analogous  approach  was  a 
large  factor  in  the  success  of  the  Mark  III  program. 


The  Mark  III  program,  which  already  does  a  pretty  good  job  of  predicting 
the  vehicle  characteristics,  may  be  looked  upon  as  the  first  order  solu¬ 
tion.  Its  weaknesses  can  be  mainly  attributed  to  certain  regions  (e.  g.  , 
vertical  fin,  wing  carryover  to  fuselage)  associated  with  particular  con¬ 
ditions  (e.  g.  ,  high  angle  of  attack  or  yaw)  and  shielding  effects.  It  thus 
seems  logical  to  build  up  the  vehicle  flow  field  in  a  step-by-step  or 
compOueiit-t»y -component  fashion.  For  example,  the  ertical  would  be 
analysed  in  the  symmetry  plane  subject  only  to  the  body  flow  field.  Next, 
the  effect  of  the  wing  field  alone,  then  the  sum  of  body  and  wing.  Finally, 
the  combination  of  the  wing  {analyzed  subject  to  the  body  field)  and  the 
body  field.  In  the  last  case  the  complete  body  flow  field  is  not  required 
to  define  the  v/ing  field,  but  just  the  body  flow  field  properties  in  the 
vicinity  of  the  wing  leading  edge  aie  sufficient. 


The  framework  of  the  Mark  IV  program  is  designed  to  facilitate  just  this 
type  of  operation.  The  flow  field  data  of  a  component  can  be  saved  and 
then  interrogated  during  subsequent  calculations  or  future  runs.  In  the 
pressure  calculations,  a  given  component  is  identified  by  the  user  as 
possibly  being  influenced  by  up  to  four  flow  regions.  The  local  properties 
in  each  flow  region  must  have  been  previously  generated  or  input  and 
stored  on  the  flow  field  direct  access  data  unit  10.  In  the  analysis,  each 
element  is  first  checked  to  see  what  flow  region  it  is  in.  The  appropriate 
flow  tabie  is  then  selected  and  the  local  properties  determined  using  the 
surface  spline  method. 
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Component  Flow  Field  Analysis 


The  Mark  IV  program  is  structured  so  that  a  variety  of  flow 
field  methods  can  be  employed.  A  proper  perspective  of  the 
program  capabilities  i9  obtained  by  an  examination  of  methods 
listed  in  the  accompanying  table.  The  solutions  have  been 
separated  into  four  main  categories  with  selected  individual 


methods  appropriately  listed. 


Those  enclosed  in 


BOXES 


are  methods  incorporated  in  the  Mark  IV  program.  Those 
marked  with  an  asterik  (*  )  are  available  and  could  be  added 
at  some  future  time.  The  remaining  methods  are  consider¬ 
ably  more  involved  with  regard  to  both  complexity  and 
increased  run  time  and  far  exceed  the  requirement  of  "engi¬ 
neer  methods”.  In  principle,  however,  they  could  be  added 
to  the  basic  framework  of  the  new  program  for  special 
purposes  or  final  design  point  analysis. 


To  obtain  this  flexibility  of  choice,  a  common  interface 
between  the  flow  field  methods  and  the  rest  of  the  program 
was  established.  The  flow  field  data  about  a  giver,  compon¬ 
ent  are  specified  in  a  number  of  planes.  For  example,  the 
flow  field  about  a  body  of  revolution  would  be  defined  in 
meridian  planes.  This  concept  of  flow  planes  was  arrived  at 
by  consideration  of  (1)  the  shock-expansion  method  as  a 
primary  means  of  generating  the  data,  and  ( Z )  the  Surface 
Spline  Method  as  primary  user  of  the.  data.  All  the  flow 
data  are  stored  on  a  direct  access  unit  (10)  in  a  standard 
format  and  are  readily  accessible  by  other  options  of  the 
program.  For  example,  the  flow  field  about  a  body  is  gene¬ 
rated  using  the  second-order  shock-expansion  metho^xff  the 
Flow  Field  Option  of  the  program.  This  data  may  then  be 
accessed  by  other  oj  :ion6  of  the  program  to  calculate  the 
following: 


1.  Forces  on  the  wing  subject  to  the  body  field. 

2.  Forces  on  the  body. 

3.  Streamlines  on  the  body  and  the  viscous 
forces  on  these  streamlines. 
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TABLE  OF  FLOW  FIELD  ANALYSIS  METHODS 


I  INPUT  FLOW  FIELD 


Tabular  Distributions  of  Quantities 
Throughout  the  Flow  Field 


II  EMPIRICAL  APPROACHES 


Shock  Shape  Correlations 


1 


Surface  Pressure  Correlations 


II 


Local  Correlation  Factors 


HI  APPROXIMATE  ANALYTICAL  APPROACHES 

Generalized  Shock  Expansion 
j  aecocri-Order  Shock.  Expansion  j 

Conical  Shock  Expansion 

♦  Two-Dimensional  and  Axially  Symmetric 
Method  of  Characteristics 

♦  Linear  Theory  (Potential  Solutions) 

♦  Linear  Theory  (Wave  Drag) 

Linearized  Method  of  Characteristics 

Iterative  Schemes 


IV  EXACT  ANALYTICAL  APPROACHES 

♦  Conical  Method  of  Characteristics 
Integral  Methods 

Three-Dimensional  Method  of  Characteristics 
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Shock-Expansion  Method 

The  concept  of  shock-expansion  was  first  introduced  by  Epstein  in  1931 
for  calculating  airfoil  pressures  and  was  extensively  developed  by  the 
NACA  in  the  early  1950's.  Briefly,  it  was  extended  by  Eggers, 
Syvertson,  and  Kraus  (Reference  11  )  to  include  the  determination  of 
the  shock  shape  and  thus  the  entire  flow  field,  and  further  by  Eggers 
and  Savin  (References  12  and  13)  as  the  "Generalized  Shock  Expansion 
Method"  to  include  three-dimensional  hypersonic  flows.  A  so-called 
eecond-order  term  in  surface  pressure  was  later  added  by  SyvertBon 
and  Dennis  (Reference  14  ).  The  generalized  method  was  derived  from 
consideration  of  the  full  three-dimensional  characteristics  theory. 
Through  an  order -of-magnitude  analysis  based  on  the  hypersonic 
similarity  parameter,  it  was  shown  that  disturbances  associated  with 
divergence  of  stieamlines  in  planes  tangent  to  the  surface  are  of 
secondary  importance  compared  to  those  associated  with  the  curvature 
of  streamlines  in  planes  normal  to  the  surface.  It  was  further  shown, 
consistent  with  the  above  ~esult,  that  the  streamlines  may  be  taken  as 
gjodesics.  For  a  body  of  revolution  then,  the  flow  may  be  analyzed  in 
meridian  planes;  a  result  exactly  true  at  zero  angle  of  attack  and  only 
approximate  if  the  body  is  inclined  to  the  flow. 

The  basic  premise  underlying  the  shock  expansion  procedure  is  that 
only  the  principal  characteristics  in  the  flow  need  be  considered,  with 
reflections  from  the  shock  wave  and  from  vortex  lines  being  negligible. 
Development  of  the  theory  is  presented  in  most  texts  on  high  speed  flow 
(e.g.  ,  Hayes  and  probsielu.  Reference  15)  and  the  detailed  equations 
are  presented  in  the  aforementioned  NACA  publications.  In  the  follow¬ 
ing  discussions  on  the  application  of  the  method  in  the  Mark  IV  program, 
only  those  equations  vital  to  the  prevention  are  given.  The  shock- 
expansion  methods  are  collectively  referred  to  as  the  Shock-Expansion 
Method.  The  specific  forms  of  two-dimensional ,  three-dimensional,  or 
second-order  are  accessed  via  input  flags  which  simply  include  or 
delete  terms  as  required. 

The  starting  point  for  the  Shock-Expansion  Method  was  a  program 
developed  in  Relerence  16,  and  was  very  helptul  on  getting  a  "quick 
jump"  on  the  problem.  The  final  form  is  highly  modified,  incorporating 
for  example,  the  Mark  IV  oblique  shock  and  cone  solutions.  The 
experimental  data  of  NASA  TN  D-6480  (Reference  17)  were  used  exten¬ 
sively  as  a  guide  in  the  exploration  of  various  alternatives. 

To  use  the  shock  -  expansion  method  it  is  first  necessary  to  define  the 
flow  line  or  path  along  which  the  calculations  are  to  be  made.  Ideally, 
such  a  path  should  be  a  streamline  but  generally  this  is  not  known.  The 
true  path  is  approximated  by  a  flow  line  defined  as  the  intersection  of 
the  flow  plane  and  the  surface  geometry.  Ihe  flow  plane  (also  referred 
to  as  the  cutting  plane)  may  be  specified  with  arbitrary  orientation  and 
the  profile  shape  is  automatically  obtained  from  the  quadrilateral 
elements. 
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Surface  Pressure 


The  profile  shape  is  represented  by  a  series  of  wedge  or  cone  frustums 
as  shown  schematically  in  Figure  7  .  The  flow  on  the  first  segment  is 
given  by  the  oblique  shock  or  cone  solution  and  the  pressure  on  the 
downstream  frustums  is  given  by 


where 


p2 


Pc  "  <PC  ‘  P2> 


-n 


is  the  pressure  on  a  cone  of 
the  same  angle  as  the  frustum 

is  the  pressure  resulting  from 
a  two  dimensional  expansion 
between  successive  frustums 


rj  is  proportional  to  the  pressure 
gradient  and  distance  down¬ 
stream  of  the  corner 

If  the  surface  is  two  dimensional  or  only  first  order  expansion  is  desired, 
then  *7  ~  0  and  the  pressure  is  simply 


P  = 


pZ 


The  relationship  between  the  first  and  second  order  pressure  are  also 
shown  on  Figure  7  , 

Calculations  were  made  for  the  configuration  of  NASA  TN  D  -6480  (Refer¬ 
ence  17)  which  is  shown  in  Figure  8  as  loaded  using  the  Ellipse 
Generation  and  Aircraft  Geometry  Options.  Comparisons  of  the  first 
and  second  order  shock  expansion  methods  with  the  experimental  data  at 
zero  angle  of  attack  are  presented  in  Figures  9  and  10.  Also  shown 
are  results  from  a  Method  of  Characteristics  Program  (based  on  the 
supersonic  flow  field  programs  developed  at  NASA  by  Inouye,  Rakich, 
and  Lomax,  Reference  18  L  The  data  aft  of  x/L  -  0.5  are  influenced  by 
the  wing  and  should  not  be  considered  in  the  present  comparisons  as  this 
effect  is  not  accounted  for  in  the  calculations.  All  three  methods  used 
conical  flow  starting  conditions.  The  agreement  between  the  second  order 
expansion  and  the  method  of  characteristics  is  good  at  Mach  =  2.3 
(Figure  9  )  and  excellent  at  Mach  -  4.63  (Figure  10  ).  Both  are  in  far 
better  agreement  with  experiment  than  the  first  order  shock  expansion, 
especially  at  the  lower  Mach  number.  The  first  order  method  is  very 
sensitive  to  the  starting  cone  solution.  The  second  order  method  does 
not  have  this  difficiency  as  the  pressure  is  continually  adjusted  by  the 
limiting  cone  value,  Pc. 

Since  Ihcse  results  are  at  zero  angle  of  attack,  Pc  was  obtained  using 
the  tangent-cone  method.*  Attention  io  now  directed  to  the  angle  of  attack 


*See  Section  VIII,  Inviscid  Pressure  Methods 


Figure  7  .  Schematic  of  Shock  Expansion  Method 


Geometric  Representation  of  NASA  TN  D-6480 
Configuration 


0s  Experimental  data  from 
60°  NASA  TND-6480 


Comparison  of  Theoretical  and  Experimental 


cases  and,  in  view  of  the  results  just  given,  only  the  second-order 
shock-expansion  method  was  used  in  the  analysis.  The  first  attempt 
used  the  local  impact  angle  to  define  the  tangent -cone  limiting  condi¬ 
tion.  Typical  results  at  Mach  =  2.3  on  the  windward  centerline  (0=  0) 
are  shown  in  Figure  11  and  the  predicted  pressures  were  too  large. 

It  was  then  decided  to  use  the  inclined  cone  method*  to  define  the 
limiting  conditions  and  the  results  at  the  same  conditions  are  shown 
in  Figure  12.  The  agreement  of  the  calculated  and  experimental 
pressure  coefficients  is  good  and  very  much  better  than  the  simple 
tangent-cone  approach. 

Comparison  of  the  circumferential  pressure  distributions  are  given 
for  the  Mach  =  4.63  case  in  Figures  13  through  17.  The  </>=0  results 
are  in  very  good  agreement  whereas  the  <f>  =  60  and  <p=  120  results 
are  only  in  fair  agreement.  The  data  along  the  leeward  centerline 
(<f>-  180)  showed  higher  Cp's  than  the  <f>  =  120  meridian  data.  This 
was  felt  to  be  the  result  of  a  viscous  induced  recompression  and 
these  data  have  been  left,  off  the  figures  for  clarity.  Also,  only  those 
data  not  influenced  by  the  presence  of  the  wing  have  been  included  on 
the  plots.  To  check  the  method  at  stations  aft  of  the  maximum  dia¬ 
meter,  the  body -alone  configuration  of  Reference  19  was  also 
analyzed.  This  is  a  body  of  revolution  symmetrical  about  x/L=0.57 
and  truncated  with  a  finite  base  diameter.  Pressure  distributions  are 
compared  at  Mach  =  2.5  at  zero  angle  of  attack  (Figure  18),  2°  angle 
of  attack  (Figure  19),  and  4°  angle  of  attack  (Figure  20).  Both  the 
windward  ( <f)  =  0)  and  leeward  (<f>  =  180)  centerline  data  are  shown  for  the 
angle  of  attack  cases.  The  windward  data  are  in  good  agreement  over 
the  length  of  the  body  except  at  the  very  aft  locations.  These  discre¬ 
pancies  are  probably  a  result  of  sting  interference.  The  leeward 
data  show  the  recompression  effect  previously  mentioned,  being  more 
pronounced  on  the  aft  portions  of  the  body  where  the  viscous  effects 
become  dominant. 

Shock  Wave  Shapes 

At  zero  angle-of-attack,  the  Douglas  developed  tangent-cone  method 
provides  excellent  results  for  both  the  surface  pressure  and  shock  wave 
angle.  At  angle  of  attack,  the  inclined  one  method  provides  two  means 
of  predicting  surface  pressure.  However,  no  similar  method  for  pre¬ 
dicting  shock  wave  angle  is  available.  What  is  needed  is  a  relationship 
for  shock  angle  analogous  to  Jones'  pressure  coefficient  formula.  Lack¬ 
ing  this,  an  empirical  solution  has  been  devised  which  follow-s  the  trend 
of  exact  results.  In  summary,  the  tangent-cone  impact  method  is  used 
to  calculate  the  Mach  number  normal  to  the  shock  wave,  which  in  turn 
is  used  to  calculate  the  pressure  ratio  across  the  shock.  This  pressure 
ratio  is  then  modified  by  a  factor  to  provide  agreement  with  the  zero 
angle  of  attack  results. 


*See  Section  VIII,  Inviscid  Pressure  Methods 
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Second-order  shock-expans lot 
uoing  inclined  cone  as 
limiting  condition 


Figure  12.  Comparison  of  Experimental  and  Theoretical 
Body  Pressure  Data,  Using  Inclined  Cone  as 
Limiting  Condition;  =  2.3,  $  -  0° 


are  13.  Comparison  of  Experimental  Pressure  Data  with  Theory  on  the  Body: 


■ 


Comparison  of  Experimental  Pressure  Data  with  Theory  on  the  Body;  M  =4.63, 


Experiment  (NASA  TND-6441) 


The  shock  normal  Mach  number,  Mna,  as  given  by  the  tangent-cone 
impact  method  is 


where 


and 


Mp 

Si 

Kc 


=  KcMp  sin  +  EXP  (-Kc  Mp  sin  8^ 

is  the  Mach  number  in  a  particular  -plane, 
is  the  impact  angle  Mp  makes  with  the  surface, 
---  2(y  +  i)/(y  +  3) 


The  pressure  ratio  across  the  shock  wave, 
as 


0 


Ps,  is  then  calculated 


where  Psi  is  the  impact  pressure  ratio  across  the  shock 

=  [  2XM nZ3  -  (y  +  1)]  /  (y  +  1), 

(P  ,)  n  is  obtained  from  the  zero  angle  of  attack  cone 
results 

and 

^sia=0  is  the  impact  pressure  ratio  across  the  shock 
at  zero  angle  of  attack 

Calculations  using  this  method  have  been  compared  with  the  exact 
solutions  tabulated  in  Reference  20.  The  cases  selected  were  for  a 
10-degree  semi-apex  cone  at  angles  of  attack  of  0,  5,  10,  and  11 
degrees.  Results  for  freestream  Mach  numbers  equal  tc  2,  5,  and 
10  are  shown  in  Figures  21  ,  22,  and23  ,  respectively.  The  method 

has  also  been  compared  with  the  experimental  data  given  in  Refer¬ 
ence  13.  These  data  are  for  Mach  =  5.05  at  angles  of  attack  of  0,  5, 
10,  and  15  degrees.  The  results  for  a  cone  semi-apex  angle  of  11.42 
degrees  are  presented  in  Figure  24  and  for  18.92  degrees  in  Figure 
25. 

In  summarizing  the  data  comparison  presented,  the  method  devised 
for  calculating  shock  shapes  does  closely  follow  the  exact  and 
experimental  results.  In  view  of  the  approximate  solution  used,  the 
results  are  in  fact  remarkable.  Noteworthy  in  this  respect  are  the 
10-degree  cone  results  at  Mach  =  5,0  and  the  11.42-degree  cone 
results  at  Mach  -  5.05. 


A  basic  condition  in  constructing  the  flow  field  about  a  two-dimensional 
body  using  the  shock  expansion  method  is  that  the  pressure  is  constant 
along  Mach  lines  emanating  from  the  surface.  In  the  case  of  flow  about 
a  three-dimensional  body,  this  condition  is  modified  to  account  for  the 
conical  flow  at  the  nose.  In  the  conical  region  there  is  a  pressure 
difference,  APn,  between  the  surface,  and  the  shock  wave 


where  Pcn  is  the  cone  surface  pressure  ratio  at  the  nose 
and  Pcn  cone  shock  pressure  ratio  at  the  nose 

It  was  suggested  in  Reference  12  that  this  AP  be  used  to  represent  the 
net  pressure  change  between  the  body  surfac-;-  and  the  shock  along  each 
Mach  line  emanating  from  the  surface  downstream  of  the  nose. 


That  is. 


P„  =  P.  -  AP 
s  b  n 


where  P  is  the  shock  pressure  ratio 
ar.d  is  the  body  pressure  ratio 

It  has  been  found  that  this  expression  permits  too  fast  a  decay  in  the 
shock  pressure.  To  compensate  for  this,  a  damping  factor,  f,  is 
introduced; 

Pc  =  P,  -  AP  •  f 
s  b  n 

Tne  form  used  for  f  is  simply  the  ratio  of  the  local  surface  deflection 
angle  to  the  nose  cone  angle  and  the  value  of  Ps  is  limited  to  1.0  as  a 
minimum  value. 


Comparison  of  the  shock  shape  calculated  by  this  procedure  and  the 
method  of  characteristics  is  sho  - u  in  Figure  26  for  the  body  of  NASA 
TN  D-6480.  Calculations  are  also  compared  with  the  experimental 
data  of  Reference  13  in  Figure  27.  The  body  is  a  fineness  ratio  3 
ogive  and  test  conditions  are  10-degrees  angle  of  attack  at  Mach  =  5.0E>. 
The  results  are  very  good  at  the  nose  but  tend  to  deteriorate  down¬ 
stream.  This  points  out  an  additional  problem  which  will  be  encoun¬ 
tered  in  calculating  shock  shapes  on  bodies.  Namely,  the  errors  are 
accumulative.  Thus  it  will  be  difficult  to  accurately  predict  the 
extent  or  breadth  of  the  shock  field.  This  is  compensated  for  some¬ 
what  in  that  the  pressure  progressively  weakens  downstream. 


Comparison  for  NASA  TND-6480  Body 


H  **  5.05  a  * 

CO 

Ogive  nose  angle 
Experiment  (NACA  TN-3349) 


10° 

■  18.92e 


4  =  0° 


Figure  27.  Shock  Wave  Shape  Comparison  fcr  Fineness 
Ratio  3  Ogive;  Moo=5.05,  a  =  10° 
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Flow  Field  Calculation 


The  complete  shock  expansion  flow  field  anal/sis  method  ie  demon¬ 
strated  on  the  contiguration  of  NASA  TN  D-6480.  The  methods  for 
surface  ores  sure,  shock  wave  shape,  and  the  Surface  Spline  inter¬ 
polation  are  combined  to  calculate  the  wing  pressure  distribution 
subject  to  the  body  flow  field.  The  Mach  =  4.63  data  at  zero  angle  of 
attack  are  used  for  comparison.  While  this  angle  of  attack  is  not  the 
most  representative  from  the  standpoint  of  force  calculations,  it 
permits  parallel  calculations  using  the  method  of  characteristics  to 
further  assess  the  method. 


The  configuration  planform  and  flow  region  are  shown  in  Figure  28  . 
Figures  29,  30  ,  and  31  present  the  Mach  number,  pressure  ratio, 
and  flow  angle,  respectively,  behind  the  body  shock  wave.  Figure  32 
gives  the  Mach  number  along  the  body  surface.  (The  pressure  distri¬ 
bution  on  the  body  was  previously  presented  in  Figure  10  ),  The  shock 
wave  and  the  body  comprise  the  two  boundary  curves  used  in  the 
Surface  Spline.  The  locations  at  which  the  data  were  stored  on  tile  flew 
field  unit  (10)  are  indicated  on  the  x-scales  of  the  plots.  Figure  33 
shows  the  location  of  a  right-running  characteristics  ilong  which  the 
flow  was  interrogated.  Results  of  the  Surface  Spline  interpolation  for 
local  Mach  number,  pressure  ratio,  and  flow  angle  are  compared  with 
the  method  of  characteristics  calculation  in  Figures  34,  35  ,  and  36  , 


respectively. 


Th 


«  umereucea  uuo  to  u»e  umereiu  oouimary  eonumons 


at  the  shock  wave  are  to  be  expected.  The  general  character  of  the 
flow  is  fairly  well  maintained.  Most  remarkable  in  this  respect  is  the 
P  curve  (Figure  36  ).  It  should  be  reemphasized  that  only  values  along 
the  boundary  curves  have  been  used  -  that  is  along  curves  through  the 
points  labeled  "shock"  ami  "body". 


Finally,  the  pressure  distributions  on  the  wing  at  four  span  locations 
are  shown  in  Figure  37  and  38.  Both  flow  fields  have  been  used  in 
conjunction  with  the  tangent-wedge  and  tangent-cone  pressure  methods. 
These  two  pressure  methods  were  also  run  without  the  body  flow  and 
all  are  compared  to  the  experimental  data.  A  first  observation  of  the 
figures  show  the  tangent-wedge  method  more  appropriate  for  the  con¬ 
dition  run.  A  second  and  more  subtle  observation  is  that  the  body  flow- 
field  causes  a  concavity  to  the  pressure  distribution  on  the  forward 
half  of  the  wing.  This  is  best  seen  on  the  inboard  station  (y/(b/2)  = 
0.258)  and  is  consistent  with  the  experimental  data.  Thirdly,  the 
outboard  station  (y/(b/2)  -  0.815)  clearly  show's  the  effect  of  the  body 
shock  crossing  the  wing  section  (at  -  x/c  =  0.25). 
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Figure  35.  Compirfion  of  Pr«iiur<  Ratio  Along  the  Flow  Interrogation  Line 
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SECT  if  ON  VI 


SHIELDING  EFFECTS 


In  the  conventional  Newtonian  formulation  of  •’.''personic  flow  the  pies&ure 
coefficient  is  zero  on  those  portions  of  the  body  that  are  invisible  to  a 
distant  observer  who  views  the  body  from  the  direction  of  the  oncoming 
freestream.  That  is,  the  pressure  coefficient  is  r-.*ro  on  portions  of  the 
body  (hat  are  hidden  or  shielded  by  upstream  portions  of  the  body  surface. 
To  obtain  accurate  force  and  moment  calculations,  such  shielded  surfaces 
masi  be  identif.ed  ard  eliminated  Irom  the  computation.  A  procedure  for 
accomplishing  this  i.s  presented  in  the  following  discussion*.  A  general 
summary  of  the  approach  will  be  presented  fiist  followed  by  a  more 
detailed  description  of  the  theory. 


With  respect  to  any  given  direction  of  the  'reestveam  every  portion  of  the 
body  may  be  classified  as  either  forward -fac ing  or  rear -facing.  On  a 
forward-facing  portion  o<  the  surface  the  dot  product  of  the  local  outer 
norm-1  vector  with  “he  freest  ream  velocity  vector  is  negative.  On  a  rear- 
facing  portion  of  the  surface  th corresponding  dot  product  is  positive 
Rear-facinj.  portioi.  are  always  shielded  from  the  freest  re.*.  ~n  direction. 
ar:d  accordingly  they  do  not  contribute  to  the  force  or  moment  integrals. 
The  identification  of  rear-facing  surfaces  may  he  performed  easily  in 
terms  of  the  above-mentioned  dot  product.  On  a  convex  bod'  ,  such  as  an 
ellipsoid,  rear-lacing  portions  of  the  surface  are  ihe  only  portions  that 
are  shielded,  and  no  problems  arse.  Nontrivial  i  dent  if  tea*  ton  problems 
ar.se  for  partially  concave  bodies  or  fo*  multiple  bodies,  where  some 
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surfaces. 


A  typical  example  of  shielding  on  a  vehicle  in  both  pitch  and  yaw  is  shown 
m  Figure  39.  Note  that  the  lower  pari  of  the  tail  and  the  af:  siue  of  the 
/usclagu  is  shielded  from  the  freestream  as  is  a  part  of  the  canopy.  Since 
the  basic  pressure  and  force  calculations  are  very  rapid,  the  procedure 
for  identifying  shielded  quadrilateral  elements  must  aiso  be  fas*  to  avoid 
subsitn*.ial  increases  in  overall  computing  time.  For  some  applications 
flat  pot ‘ions  ol  the  body  are  represented  b>  very  large  elements,  having 
dimension.*  that  are  noi  small  compared  to  the  body  ounensions.  Thin,  it 
is  r.ot  sufficient  to  consider  elements  as  either  completely  shielded  or  not 
sh  icldt-d  at  i  ll.  but  the  case  of  a  partially  shielded  element  must  be 
accounted  for.  Also,  the  procedure  must  handle  the  situation  where  an 
element  is  shielded  by  an  element  that  is  itself  shielded  by  a  third  clement. 
Finally,  the  direction  of  the  freestream  velocity  must  bo  arburary.  Con¬ 
siderations  of  a  general  freestream  and  a  small  computing  time  eliminate 
a  procedure  lice  that  of  Reference  59.  This  latter  procedure  cannot  handle 
a  freestream  normal  to  the  body  axis  and  is  very  time  consuming  because 
it  must  calculate  a  very  large  number  of  incremental  angles,  which  pre¬ 
sumably  mast  be  obtained  by  nutni  of  inverse  trigonometric  functions. 

The  low  compu'ing  time  of  the  Mark  IV  Program  in  cases  of  true  hyper¬ 
sonic  flow-  are  ue  to  the  fact  that  flow  conditions  on  each  surface  clement 
are  independent  -,f  condit>ons  on  the  other  ckmcnu.  Thus,  the  flow 

*  The  shieMin.v  analysts  iiethod  described  here  vss  derived 
by  J.  L.  Fcss . 
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calculation  n?ed  be  done  only  N  times,  where  N'  is  the  total  number  of 
elements  on  the  body.  A  peneral  routine  for  identifying  shielded  ele¬ 
ments  must  allow  the  possibility  irat  i'ny  element  may  shield  any  other 
clement.  Thus,  the  teat  for  the  shielding  of  one  element  by  another 
must  be  performed  a  number  rA.  liin<_3  of  the  order  of  N^.  (The  actual 
number  of  tests  is  approximately  1/?.  N^.  If  the  elements  ate  ordered 
ir  >  sequence,  e«*eh  e’cme.i;  need  be  tested  for  shield*,  g  only  with  suc- 
c  t  ediiij;  elements  of  the  sequence,  because  preceding  elements  will 
alr  eady  have  b  •? c n  costed.  )  Thus,  for  N  of  the  order  of  1000  the  shield¬ 
ing  vest  may  require  t*:j re  time  than  the  flow  ca’culation.  On  the  other 
hand,  each  clemei.-  is  shielded  by  v t  n  ost  a  few  clcrn.’.its,  so  the  total 
numVer  of  shielding?  is  oi  the  order  of  N.  (There  would  be  shielding 
only  i(  every  element  shielded  all  other  elements.  5  This.  the  key  to  a 
rapid  procedure  is  a  very  simple  test  that  can  be  applied  to  two  elements 
and  that  will  quickly  indicate  the  impossibility  c -i  shielding  for  most  pairs 
of  elements.  Then  the  eases  of  near  or  aryiual  shielding  can  be  treated 
more  elaborately,  because  their  total  number  is  cf  order  N.  Any  geo¬ 
metric  quantities  connected  with  an  element  that  can  aid  the  ccmpu'ai ion 
should  be  calculated  once  and  for  all  at  the  outset  and  stored,  because 
again  only  N  such  calculations  are  required.  Accordingly,  the  projec¬ 
tions  oi  the  elements  ir.  a  plane  normal  to  the  fr« ;  velocity  are 
obtained.  For  each  projected  element  the  maximum  and  the  minimum 
values  of  the  coordinates  of  the  four  corner  points  of  the  clement  in  this 
plane  are  recorded  once  and  for  alt.  Now  for  the  large  majority  of 
clement  pairs  the  rna-irr.um  value  of  a  coordinate  for  one  clement  is 
ic»*  than  the  minimum  value  oi  that  coordinate  tor  the  other  eiemeo*, 
and  thus  no  shielding  is  possible.  This  is  the  required  test,  which 
could  hardly  be  simpler. 

Additional  simplification  and  computing -time  reduction  are  obtained  by 
having  the  user  of  the  program  mpu‘  the  elements  grouped  into  "simple 
seclions”,  such  that  p.o  forwa rd -fac ing  element  oi  a  section  shields  any 
other.  This  eliminates  the  need  lor  testing  within  a  section  and 
tunplifu  >  the  handling  of  the  case  when  art  element  is  shielded  by  an 
clement  that  is  itself  shielded  by  a  third  element.  Moreover,  the  group¬ 
ing  into  sections  should  be  easy  for  the  user  to  accomplish.  Fot  example 
any  convex  portion  of  u  configuration  is  input  as  one  section.  The  organ¬ 
ization  of  surface  elements  into  p^ru-is  exists  in  the  Mark  1\  Program. 
The  shielding  procedure  simply  u  Sh.s  fcatuje. 

If  a  pair  cf  elements  fail  the  •or.plc  shielding  test,  one  element  n  ;  y  or 
may  not  shield  the  other.  As  mentioned  above,  the  projections  of  the 
elements  i<v:o  a  plane  norma!  *o  the  frees*  ream  velocity  are  obtained 
once  and  fov  all.  Th-r  required  calculation  determines  whether  or  not 
the  tu.o  pioiected  elements  overlap  anti  determines  the  common  region, 
if  they  do  overlap.  The  projected  elements  overlap  if  «r.d  only  if  at 
least  one  side  of  the  first  element  intersects  at  least  o.r»e  side  of  the 
second.  It  is  not  sufficient  to  test  whether  or  not  the  cornel  points  of 
one  projected  element  lie  inside  the  other  element,  because  the  prcn  rt.-d 
elements  may  overlap  even  if  all  corners  of  each  element  lie  outside  the 


otner.  as  illustrated  in  the  akotcfi  below.  For  convex  elements  a  aide 
of  one-  can  intersect  at  most  two  sides  of  the  other.  The  region  common 
to  two  quadrilateral  elements  is  a  polygon  with  at  most  eight  sides  , s <■  e 
sketch).  The  computational  task  is  to  determine  the  vertices  of  this 


Two  Possible  Into  r  sec  t ions 

poly  Son.  As  shown  in  the  sketch,  each  vertex  is  either  an  intersection 
of  two  sides,  one  belonging  to  each  projected  eieinent,  or  a  corner  of 
one  projected  clement  that  lies  inside  the  other.  Once  the  polygon  is 
known,  it  is  divided  into  from  one  to  three  quadrilaterals,  oi:e  of  which 
may  have  three  sides  (a  special  case  of  a  quadrilateral  with  one  aid  -  of 
zero  length).  This  is  done  so  that  in  subsequent  operations  all  elements 
are  quadrilaterals. 

If  the  projections  of  two  elements  overlap,  the  more  downstream  de¬ 
mon:  of  the  two  is  dctt-rminc-u  by  considering  the  distances  of  the  two 
elements  from  the  plane  normal  to  the  freestream  velocity.  The  more 
downstream  of  the  two  is  the  shielded  element.  It  is  a  simple  matter 
to  project  the  above-described  region  of  overlap  (a  polygon  divided  into 
quadrilaterals)  onto  the  shielded  clement.  This  projection  it  denoted 
a  negative  element  for  elements). 

Finally,  all  negative  elements  are  known,  together  wuh  thei.  projections 
on  the  plane  normal  to  the  freestream  velocity.  The  next  stage  of  the 
calculation  determines  the  effects  of  multiple  shielding  where  an  clement 
is  shielded  by  an  upstream  element,  which  is  in  turn  shielded  by  a  third 
element.  This  situation  arises  when  an  element  is  shielded  by  two  (or 
more)  elements,  and  the  two  shielded  portions  overlap.  In  the  present 
framework  the  condition  is  that  two  negative  elements  overlap,  which 
is  a  special  case  cf  shielding  Thus,  the  negative  elements  arc  examined 
for  shielding  in  a  manner  roughly  siimiaz  to  that  outlined  above. 
However,  there  arc  some  simplifying  conditions  that  ensure  that  *he 
process  of  accounting  for  multiple  shielding  requires  very  little  computing 


time  compared  to  the  basic  shielding  procedure  described  above.  The 
principal  simplification  arises  from  the  tact  that  the  only  negative  ele¬ 
ments  that  can  overiap  are  those  tha':  cc  r respond  to  the  same  shielded 
element.  Since  all  negative  elements  for  each  shielded  clement  are 
calculated  sequent ially  and  stored  ;og..ther,  the  searching  procedure  is 
very  short.  A  frequently  occurring  situation  consists  of  two  adjacent 
elements  of  a  section  both  shielding  the  same  clement  of  another  section. 
In  this  case  it  is  known  in  advance  that  the  two  shielded  portions  cannot 
overlap.  The  area  common  to  two  negative  elements  is  again  a  polygon 
that  is  determined  in  the  above-mentioned  way  and  divided  into  quadri¬ 
laterals.  The  resulting  element  is  a  positive  element  like  the  original 
elements. 

The  multiple  shielding  process  can  be  carried  on  indefinitely  to  a' count 
for  an  element  that  is  shielded  by  many  others.  However,  the  first 
application  described  above  appears  to  cover  all  cases  of  practical 
interest.  Simple  shielding  corresponds  .‘o  the  case  where  two  forward- 
facing  elements  lie  on  a  line  parallel  to  the  freest  ream  velocity.  The 
first  application  of  multiple  shielding  covers  the  case  wheie  two  forward- 
facing  elements  are  on  a  line  parallel  to  the  frecstream.  It  is  planned 
to  restrict  attention  to  this  case  initially.  This  does  not  restrict  the 
number  of  sections  into  which  the  body  may  be  divided. 

After  the  above  <  lements  have  been  generated,  forces  and  moments  on 
the  body  arc  calculated  in  the  usual  way  by  sum  mi  no  the  mniril.Hition*  o> 
ali  the  elements.  The  contributions  of  the  negative  elements  are  multi¬ 
plied  by  minus  one  before  summing.  The  positive  elements  arising  from 
the  overlap  ot  two  negative  elements  are  summed  as  they  stand.  Thus, 
for  example,  ir.  the  case  of  sin. pie  shielding  the  contributions  of  ai!  the 
original  elements  are  first  added,  and  the  contributions  of  the  shielded 
p-,»rions  of  the  elements  are  later  subtracted  to  Rive  the  desired  ne’ 
forces  and  moments. 

With  this  general  approach  description  as  background,  the  following 
discussion  provides  the  detailed  procedures  used  in  the  shielding 
computations. 


Given  a  body  reprewented  by  plane  quadrilateral  surface  elements  and 
given  a  direction,  determine  what  clement.,  and/or  parts  of  elements 
are  visible  to  a  far-distant  observer  in  the  gi  en  direction.  For  a  com¬ 
pletely  general  procedure  all  combinations  of  sledding  elements  must 
be  considered.  Thus,  every  elem.nt  has  a  potenticl  effect  on  every 
othe  r  and  the  "calculation"  involves  an  effo.'t  of  or  der  N^,  where  N  is 
the  number  of  elements.  For  the  large  majority  of  element  combinations 
the  "calculation"  consists  of  a  test  whose  result  is  negative.  Thus  the 
ba  sic  "computational  operation"  is  very  fast.  Howe/cr,  a  calculation  of 
the  order  can  be  expected  to  be  time-consuming  compared  to  a  much 
more  complicated  calculation  of  order  N,  such  as  is  accomplished  in 
other  parts  of  the  Mark  IV  program.  The  prir.c  ipal  c  rite r ion  for 
formulating  a  calculation  procedure  is  computation  speed. 
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Division  of  the  Body  in  Simple  Sections 


To  reduce  computing  time-  and  simplify  the  pr og ramm mg  lucic  an  assump¬ 
tion  is  made  that  somewhat  restricts  generality  of  the  method  and  relies 
on  the  user  to  furnish  some  judgment  »n  input  ing  a  body.  Hov.ev.-r,  the 
scheme  adopted  appears  to  apply  to  all  bodies  of  practical  interest  fc  r  all 
observation  (freest ream )  directions.  Moreover,  th«  judgment  required 
cf  the  user  appears  reasonable. 

First  forward-fac  ing  and  rear -facing  elements  must  be  defined.  Suppose 
there  is  a  vector  along  the  observer's  line  of  sight,  lake  th»  dot  product 
of  this  vector  with  the  unit  normal  to  the  element.  The  dot  product  is 
negative  for  a  forward-fac  ing  element  and  positive  for  a  rear -facing 
element.  (See  sketch  1 


observation  direction 

^  (freest  teas?} 
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Rear -Facing  and  Forwa  rd  -  Facing  Elements 


The  inpvt  elements  are  organized  into  sections  as  described  in  -Sec¬ 
tion  III.  However,  it  is  assumed  for  the  present  that  the  user  divides 
the  boc’y  into  sections  in  a  way  that  aids  the  pn  pram.  Specifically,  it 
is  assumed  that  the  body  is  divided  into  simple  sections.  A  section  is 
defined  as  simple  if  and  only  if  any  line  parallel  to  the  observation 
direction  intersects  no  more  than  one  forwa  rd-factng  element  of  the 
section.  For  example,  any  entirely  convex  or  entirely  concave  section 
is  a  simple  Section  for  all  observation  direct  ions.  See  parts  (a)  and 
(b)  of  the  sketch  below-. 

A  mixed  concave  -  convex  section  is  not  a  simpl-*  section  for  all  obser¬ 
vation  direct  -ons,  but  it  may  be  lor  some  directions.  Usually  it  is 
possible  to  divide  the  concave -convex  section  into  two  simple  sections 
along  an  inflection  line  as  shown  in  (c)  in  the  sketch.  At  worst  it  might 
be  necessary  to  run  two  cases,  one  divided  one  way  for  certain 
directions  and  one  divided  another  way  for  other  direction;.. 


(a)  Convex  Section 


(b)  Concave  Section  (c  )  Convex-Concave  Section 


Element  Formation 

rh  c  procedure  for  forming  element?;  it  »  s  light  addition  to  the  present 
procedure  .  and  several  additional  quantti-e  are  stored,  The  present 
procedure  first  calculated  the  coordmaf of  the  four  corner  points  of 
the  quadrila*  l  element  in  the  reference  cooidina'e  system  in  v/hich 
the  body  is  input.  These  are  transformed  into  coordinates  bas  ;  ■:  on  the 
element,  and  the  reference  coordinates  are  pres?  rn'ly  discarded.  In  the 
new  scheme  the  reference  coordinates  of  the  cornet*  points  fmi9t  also  be 
stored  with  the  geometric  quantities  that  define  an  element. 

Body  Rotation 

The  body  is  rotated  to  make  the  observation  (freestream)  direction  tie 
along  the  negative  x-axis.  Standard  roUttcn  formulas  are  applied. 

Rear- Facing  Elements 

Each  element  whose  normal  vector  has  a  negative  x -component  is 
eliminated  from  consideration.  This  can  be  done  cither  at  this  stag’ 
or  as  the  element  occurs  in  the  procedure  below. 

Mtx-Min  Coordinate  Computation 
for  Each  Forward-Facing  Element 

Let  the  7.y -<  oordinates  of  the  corner  points  of  an  element  be  denoted 
yk,  where  k  =  1,  2,  5,  4.  Determine 
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These  must  be  recorded  either  logically  by  integer  designation  or 
physically  by  storing  the  selected  max-min  coordinates  an  additional 
time.  This  las*  would  add  four  additional  storage  quantities  for  each 
forward-facing  element. 
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Section  Ordering 


While  th*.  computation  (A-M  above  is  proceeding,  the  (..axitmun  valo *-.f 
x  for  each  element  ;s  computed  but  not  »to.u  d  I*  is  compared  wifh  the 
larg*.  6t  mvrm'.un’.  of  previously  cimtia-.-red  element  h.  Vh<-  final  result  is 
the  largest  value  of  x  of  any  forwai  d-facing  element  in  section.  Ca.i! 
this  x(Mc.X).  Tlic  sections  are  ordered  ir.  increasing  o ,  d»  r  of  x^VAXl 
starting  with  the  smallest.  With  this  defin  tiun.  eat  h  section  is  behind 
ail  su'.ise-tjut  nt  sections  as  \  ifw.>f:  fro*;,  she  observation  direction. 

Basic  F’rot.lern.  Element  Overlap 

The  basic  problem  of  this  computation  consists  of  determining  what 
elements  are  blocked  or  shielded  by  others  as  seen  from  the  observation 
direction  and  of  determining  the  geometry  of  the  shielded  region.  All 
calculation  up  to  here  has  been  preparatory  and  has  been  don--  essentially 
once  for  each  element  01  X  tunes  -  not  N  . 

Since  the  observation  direction  is  pa.allcl  to  the  x-axis,  *. h <  question  o' 
whether  or  not  one  element  shields  another  is  equivalent  to  uh.  >h.  r  or 
not  their  projections  in  th*.  \  r  -plan..  intersect  ot  overlap.  Th.s  ts  the 
ttts!  that  must  be  made  an  o.der  of  X-  times.  Son n-  information  is 
already  available  before  any  testing 

a.  Elements  ir.  the  same  sirnph  section  cannot  ahiei.i  th. 
othe  r . 

b.  If  two  or  more  elements  ct  one  st.cn  n  smelt!  *  i.  m«*nt 
of  another  Section,  the  various  shield,  d  parti. --ns  cannot 
themselves  overlap. 

c.  !'  the  v  -projections  of  two  elements  overlap,  ti  is  die 
cl.  nielli  *>f  th.-  higher -ordered  section  ihat  shield:  ije- 
element  of  love  r -orce  red  Sec  ion  -  not  the  oppos-.'e. 


Projected  Elements 

An  element  is  projected  into  the  \  7. -plane  ov  simply  ignoring  the 
x -coordinate  s  arid  considering  only  the  yz  -  reference  roordin.V.-s  of  .he 
coiner  points.  The  element  :n  the  y a -plane  that  is  obtained  ihi-.  way  is 
denoted  a  projected  element.  It  is  the  projected  elements  that  are 
tested  for  overlap. 

Direct  Coordinate  Test 

The  sections  are  considered  in  order  beginning  with  the  iow.-si  ord  -red. 
Each  projected  element  of  a  se.’.on  is  tested  for  overlap  w  :t!i  all  ele¬ 
ments  of  all  subsequent  sections.  This  test  is  done  in  more  than  one 
way  to  mijiimtr.e  computing  time  in  comparing  two  elements;  on.-  is 


called  the  hrst  element  and  the  other  the  second  element.  It  it  natural 
to  denote  the  element  that  re  being  tested  for  overlap  with  all  others  (of 
subsequent  sections)  as  the  (ir^it  element.  Titus,  if  there  is  ove  rlujt,  it 
is  the  first  element  tha<  is  shielded  by  the  second. 


Most  element  pairs  ate  1  ouftic lently  disjoint  1  so  that  their  nonocerUp 
can  be  revealed  by  the  very  Simple  direct  coordinate  last.  Sup  ex ose  the 
first  projected  element  has  corner  point  coordinates  yj,**),  and 

the  second  has  corner  point  coordinates  whore  in  both 

exseb  k  =  I,  2,  3,  4.  Maximum  <-.nd  minimum  y  and  z  are  knoan  for 
each  elemc-'.t  from  (A-l) 


A  sufficient  condition  .'oi  r.onov.rlap  is  tha*  all  yjx^  ^  arc  greater  (or 
lesc)  than  all  yg'1’.  A  similar  statement  holds  for  the  r’e,  Tlesc 
cond'tior.s  arc  equivalent  to  the  following  inequalities: 
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>  0 


(A -2) 


If  the  y  iiieq.ial’ty  is  satisfied,  t.ie  two  projected  element*  do  not  uverlai 
and  the  t  inequality  need  not  be  pe riorrned. 


To  see  the  meaning  of  the  inequalities  (A-2),  let  the  first  projected  ele¬ 
ment  be  as  shown  in  the  sketch  below.  1  he  y  inequality  is  satisfied  for 
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all  second  elements  that  lie  entirely  in  region  R  or  vntii«l\  in  reason  L. 
Probably  most  elements  do  so  and  thus,  one  test  is  a,  Th. 

inequality  is  not  satisfied  for  second  elements  that  inters. -rt  or  lie 
between  the  solid  vertical  lines.  However,  the  *  - ir. equal n  \  i -  satisfied 
for  all  liuch  elements  that  lie  entirely  above  or  below  both  dotted  hori¬ 
zontal  lines.  Probably  most  second  dements  that  do  not  satis!"  the 
y-incquality  do  satisfy  the  z- inequality. 

The  very  simple  inequalities  (A-21  reveal  nono»«.rlap  for  mcit  element 
pairs  and  the  part  of  the  calculation  consists  mainly  of  these 
*wo  tests  (only  one  rr.  a  majority  of  can  s). 


Left -Right  Test 


This  is  applied  to  a  pair  of  elements  that  fai1  <o  satisfy  inequalities  ?A-2). 


The  "side  vectors"  of  the  first  pro  acted  quadrilateral  «*l.*ni«  r«  are  needed 
and  probably  those  of  th«-  second.  These  are  *o  be  contpu.«<i  ahead  of 
time  for  all  elements  and  stored.  T!-e  side  vectors  are 
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Superscripts  I  and  2  will  be  used  to  denote  quan'tu.-:.  a  cciatcd  v  i»h 
the  first  and  the  second  projected  elements,  respectn  «?I\ .  Now  two 
projected  elements  overlap  ■’  and  only  if  one  of  the  tellowm^  conditions 
is  satisfied.  Cither-  (I)  at  least  one  side  of  the  first  intersects  at  least 
on*-  side  of  the  second,  or  (2)  one  clement  completely  contains  th*  oth*-:  . 
This  last  occurs  infrequently  and  is  handled  Separately.  Thus,  the  bssic 
operation  here  is  to  d<  .e.-minc  if  a  particular  side  of  the  first  element 
and  a  particular  side  of  th  -  second  clement  intersect.  Consider  th.*  side 
12  of  the  first  element  (the  procedure  is  identical  for  the  sidt-sl. 

A  point  (y.  z>  i«  said  to  lie  to  the  left  of  this  side  if  n  is  left  with  respect 
-*  'M 

to  the  Bide  vector  Form  the  quantity 


*12 

(y.  z)  - 

(y 

»  (c 

(A -4*. 

Nov 

•  j »  x 

r  ,2  (y.  ^ 

I'-u 

(y.  *)i  * 

(A  -hj 

where 

L^Cy.  *)  =  fz  - 

(l)w 
r ,  Mv 

(I)  <11. 

2  *  v.  ’  - 

(V  * 

dh.  m  m. 

>J  'll,  -  z,  1 

fA  -o» 

too 


toO  four  differences  »n  t|2  have  already  beta  cor^u'td.  it 

the  perpendicular  tist/mcc  that  the  |>oint  (y,t)  lies  to  the  left  of  the 
extension  of  side  12  (see  sketch  below).  In  particular,  is 

positive  if  (y,  a)  is  to  the  left  of  12  and  negative  if  it  is  to  Uie  right. 
Now  side  12  of  the  first  projected  clement  and  a  side  of  the  second 
projected  element  intersect  it  and  only  if  the  end  points  of  each  are  in 
opposite  directions  with  respect  to  the  other.  This  requires  that  one 
endpoint  of  the  side  of  the  second  element  lies  10  the  left  of  side  12  of 
the  first  element  and  the  other  end  point  of  the  side  of  the  second  ele¬ 
ment  lies  to  the  right  of  side  12  of  the  first  ciemen».  A  similar  state¬ 
ment  most  hold  for  the  end  points  of  side  12  of  the  first  element  with 
respect  to  the  side  of  the  second  element. 


\ 
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Thus,  first  consider  side  12  of  the  first  element  and  compute  left 
distances  for  all  four  corner  points  of  the  *ccond  *?ement 


i  #  <2»  <2>» 

L12<>|  •  > 

L  (y^2)  I 

12^2  *  <  1 

I21’  J  •  J  1 

L  <y(2)  r‘2)) 

12  ’4  *  4  ' 


(A -7  i 


If  all  (our  are  o(  the  same  sign,  no  intersections  with  side  12  are 
possible,  if  two  consecutive  arc  of  opposite  sign  (counting  the 

first  and  las.  ae  consecutive],  an  intersection  of  side  12  wiih  the  side 
between  the  two  points  in  question  is  possible.  For  example,  if 
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Lt and  l  are  ot  opposite  sign,  an  intersection 

of  side  12  of  the  first  element  *nd  side  12  of  the  second  element  is  possible. 
To  verify  the  possible  intei  section  .take  the  pertinent  side  of  the  second 
clement  (12  in  the  example)  and  compute  L's  for  the  two  end  points  of 
side  12  of  the  first  element.  There  is  an  intersection  if  and  only  if  u.ei.c 
are  of  opposite  sign.  Such  a  check  is  necessary  only  for  the  "sign  -'hst-.^ea " 
of  the  sequence  (A-7).  If  '.wo  consecutive  Lj^  of  (A  7)  have  the  same  sign, 
the  side  of  the  second  element  between  the  points  in  question  cannot  inter¬ 
sect  side  12  of  the  fi'-st  element.  For  convex  elements,  a  side  of  the  fust 
element  can  intersect  no  more  than  two  sides  of  the  second  element. 

The  above  procedure  is  repeated  for  all  four  sides  of  the  first  element. 

The  results  determine  which  sides  of  the  first  intersect  which  sides  cf 
the  second.  Also  calculated  are  the  sixteen  L.'s  of  the  four  corner  points 
of  the  second  element  with  respect  to  all  four  sides  of  the  first  element 
and  the  L's  with  respect  to  the  sides  of  the  second  for  cases  of  possible 
or  actual  intersection. 

Final  Element  Classification 

The  procedure  above  determines  whether  any  of  the  sides  of  the  two 
projected  elements  intersect.  If  there  are  intersections,  the  two  ele¬ 
ments  overlap.  If  th.ro  are  not.  there  are  three  possibilities.  Either: 

(1)  the  elements  do  not  overlap,  or  (2)  the  first  element  completely 
contains  the  second,  or  (3)  the  second  element  completely  contains  the 
first.  If  there  is  no  overlap,  this  phase  of  calculation  is  complete  and 
logic  proceeds  to  she  next  clement  pair. 

The  first  element  completely  contains  the  second  if  and  only  if  all  sixteen 
of  the  L‘s  of  the  corner  points  of  the  second  element  with  respect  to  the 
sides  of  the  first  element  are  negative. 

The  first  clemcrt  is  completely  contained  in  the  second  if  and  only  if  the 
L.'s  test  showed  that  each  side  cf  the  first  element  had  exactly  two  pos¬ 
sible  intersections  w  ith  sides  of  the  second  element  and  all  eight  turned 
out  not  to  be  intersections 


General  Handling  of  Overlapping  Projected  Elements 

The  basic  calculations!  task  for  ».verlapp:.ig  projee'ed  clcmcn  consists, 
of  determining  the  polygonal  area  common  to  the  two  elements  projecting 
the  polygon  onto  the  shielded  element  (the  first  element  *n  th:,  itchemo), 
and  treating  the  result  as  a  negative  element  in  force  ana  moment  calcu¬ 
lations.  That  is:  (1)  generate  all  necessary  geometric  quantities 
describing  the  shielded  portion,  and  (2)  pul  them  aside  fer  later  use  as 
a  negative  element. 


Completely  Contained  Projected  Elements 

If  the  projection  into  the  yi -plane  of  one  element  completely  contains 
the  other,  there  are  two  possibilities  which  arc  treated  as  described 
below. 
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The  fit  s,  possibility  is  that  the  contained  element  is  shielded.  This  means 
the  fire*  .'lement  is  contained.  In  this  case  a  duplicate  of  the  first  element 
is  added  to  the  negative  elements  and  no  additional  overlap  comparisons 
are  made  with  that  particular  element  as  first  element.  Howcv  r,  the  ele¬ 
ment  is  maintained  among  the  normal  positive  elements  and  ar,  previous 
intersections  arc  left  undisturbed.  This  last  consideration  is  the  reason 
for  this  unusual  treatment.  If  the  first  element  v— re  10  be  simply  cluni- 
ated,  a  search  for  previous  intersections  would  have  to  be  made,  and  tney 
would  have  to  be  eliminated  also.  However,  there  is  r.o  point  in  locking 
for  suoaequent  overlaps. 

The  se  cond  possibility  is  that  the  contained  element  shields  the  other,  i.e., 
second  clem  -nt  is  contained.  In  this  case  the  negative  element  is  the  pro¬ 
jection  of  the  contained  (second)  element  onto  the  containing  (first)  element. 


Overlapping  Projected  Elements  with  Intersecting  Sides 


The  usual  case  of  overlap  is  thai  for  which  one  or  more  side:;  of  the  pro¬ 
jected  elements  intersect.  For  convex  elements,  a  s  dc  of  one  element 
intersects:  (1)  no  sides  of  the  other  element,  (2)  one  aide  of  the  other 
clement,  or  (3)  two  sides  of  the  other  element.  The  first  element  is  the 
one  tnat  is  shielded.  The  negative  eh’.cnt  is  the  projection  on  the  first 
clrnu  in  of  the  common  are;  of  the  projected  elements  in  the  yt-plane. 
The  principal  task  is  to  determine  the  common  area  of  the  elements  ir. 
the  yz-plane  and  to  divide  this  area  into  quadrilaterals  and/or  triangles. 

%  nf  I  h.  .  •»  ►.«  o  j>nt  *  l*.  .  »  /i  **c»  .  .  1  . » rm  ,tnf  •  c  ►  V»  .  .  r\  rn  fk  n  f  .»  ■»  *  «  •  TK  .% 
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con. men  area  is  a  polygon.  Ali  vertices  of  the  polygon  are  determined 
in  clockwise  order  about  the  perimeter.  (Pccall  that  the  four  corner  points 
of  any  forward -facing  quadrilateral  element  arc  n  clockwise  order  in  the 
yz-plane.  )  The  vertices  of  the  desired  polygon  consist  of  (1)  points  ci 
intersection  cf  the  sides  of  the  two  quadrilaterals,  (2)  corner  points  of 
the  first  element  that  Sir  inside  the  second. 


The  yr. -coordinates  of  th-  intersections  can  be  written  down  easily  in 
terms  of  the  I.'s  calculated  a:,  in  equation  (A-6).  Basically,  a  2x2  set 
of  i.mear  equations  is  solved,  but  some  of  the  work  has  already  been  done 
in  calculating  I.'s.  Thus,  for  each  intersection  paint  its  yz -c  oordmate* 
and  a  designation  of  which  sides  of  the  two  elements  intersect  at  that  point 
arc  available.  A  corner  point  of  the  second  element  lies  inside  the  first 
if  and  only  if  all  four  of  <he  I.'s  that  apply  to  that  poin'  are  negative. 

Thu.i,  the  information  for  tagging  «.  ach  corner  point  of  the  second  as  lyii'.g 
nside  or  outside  the  first  is  already  available.  Generally,  the  same 
information  16  riot  a  ailable  for  all  lour  corners  of  the  first  element, 
because  all  sixteen  I.'s  of  the  corners  of  the  first  element  with  respect 
to  the  second  have  not  been  calculated  by  the  procedure. 

Two  cases  will  be  considered  separately:  (1)  at  least  one  corner  of  the 
second  projected  element  is  inside  the  first,  and  (2)  no  corner  of  the 
Sec oud  16  inside  the  lirst.  The  difference  between  these  two  cases  lies 
solcy  in  the  rule  for  initiating  the  vertex  search.  On  e  the  process  has 
begun,  it  is  identical  in  both  cases. 
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Ii  a  nonzer  •  number  of  corners  ol  the  secotid  lie  inside  the  first  ease  1), 
start  v.  »;h  th<-  lowest  numbered  corner  f  * .  2.  3,  or  4).  The  first  vertex 
of  th-  common  ..reii  polygon  is  simply  ihat  corner  poin'.  Not*  consider 
the  side  i  I  which  th  ci.-en  corner  if  the  initial  point.  For  example,  if 

the  first  vertex  .s  *orr.<r  pom'  »,  consider  side  31.  Now  check  tne 

im'ornt.vie'i  on  intersections  to  note  rntiie  how  many  tinu-s  this  side 
intersects  »!<!■->  of  tne  firs:  element.  fh-.-re  are  only  two  possibilities 
zero  .o  Oi.'f.  lit  a  sice  has  two  intersections,  both  of  us  end  points  must 
be  outside  lie-  other  element).  If  there  ar.  :•  -ro  intersections,  the  oth--r 
e-no'  point  of  the  side  tcorner  p.:-int  the  exani.t,«-l  is  also  inside,  r.nd 

it  is  the  next  vertex  ol  the  common  area  poiygo.i.  !n  this  case  the  calcu¬ 
lation  proceeds  to  the  next  ?idv  i  ■»  1  in  the  example).  If  there  is  one 
intersection,  it  is  the  next  vertex  of  the  common  area  polygon.  In  this 
ca.v.  .  determine  whirl-  side  ol  the  firs,  element  has  Urn  intersected; 
then  determine  whether  or  nut  there  is  another  intersection  on  this  side 
of  the  firs’  element.  If  there  is,  it  is  the  rv  it  vertex.  If  not,  the  ter¬ 
minal  point  of  the  sid.  .  e.  u.  .  corner  point  3  on  side  2  3.  is  the  next  v.-rtex 
Ir.  the  la*!.  *-  rail  the  next  stage  of  the  calculation  is  !ik--  the  original  stage 
in  th  -  form-  r  ease,  the  next  stag*-  is  like  that  following  the  first  intersec¬ 
tion  with  a  side  of  the  eo-ment.  it  can  be  seen  that  ther*  are  only  four 
truly  distinct  operation*  -.n  the  above  -cheriie  corresponding  >o  the  fact 
that  th  re  are  only  loir  essentially  d-.fic.Tent  starting  points.  The 
operations  of  the  proc*  nor-.-  for  determining  vertices  of  the  common  area 
pjlycon  may  be  divided  *:.*o  four  categories,  associated  wit),  the  lour 
kinds  of  starting  points,  a*  iol.ows 


1.  interior  corner  point,  first  clement. 

2.  Inferior  *  orn.  r  point,  second  element. 

Sid.  int  -rset  lion  -  continue  first  element. 

4.  Sui.  int.-rx  ciion  -  continue  second  element. 


The  third  category  refers  to  th*-  tact  that  if  previously  an  intersection 
with  a  side  of  th*-  f.rst  dement  has  been  determined  by  extending  a  side 
ol  th.  i  <  or.d  clement  from  within,  then  the  next  vertex  is  to  be  sought 
on  that  same  side  of  th*-  first  element.  Category  4  r-.-fers  to  an 
analogous  situatim  for  a  -.id*-  *>i  th*-  seccod  element.  Obviously,  cat*  - 
goriex  <|)  ar.*:  t2)  an*!  categories  |3)  and  (41  are  symm*-t ric  and  only  two 
algorithms  ar*-  needed.  For  each  category  there  are  exactly  mi 
possibility  s  f*»r  th»-  next  vertex  depending  on  whether  or  not  titer*  is  i 
(additional  i  intersection  on  th*-  side  in  question.  The  possibilities  ar. 
illustrated  in  th--  sketch  below,  where  solid  lines  a  r used  to  denote  the 
first  *-i ’in*  nt  and  dott*-*'  lines  aie  us*-d  for  ih.-  fecond  element. 


DetunlMtioo  of  Vert  ice*  of  the  Common  Are*  Polygon 
Category  So  Intersect  loo  Intersection 


✓ 


Tli«.  ba^ic  proco 

dure  can  bo  summarized  by  the  table  below 

Category 

Category  (1) 

Category  (*’•) 

Category  (?) 

Category  (4) 

Into  r  ior 

Interior 

late rsection 

Intersection 

Su  rt  ing 

Corner 

Corne  r 

Con’inue 

Continue 

Pom: 

First 

Second 

First 

Second 

Element 

Lie  ment 

Element 

Element 

Doe*  side  have 

an  {additional) 

intersection0 

Yti  No 

Yes  No 

Yes  No 

Yes  No 

Next  vertex 

I  TO) 

1  T(2) 

I  TO) 

I  T(2) 

Next  category 

(4}  (1) 

(?)  <2 ) 

(4>  (1) 

(?)  (2) 

1  =  the  intersection  pom’ 

T(l)  =  terminal  point  if  ih -  Hide  of  the  lirsf  element 
T(2)  -  terminal  point  of  the  side  o(  i';c  second  element 


I  OS 


An  nv.'nt  i  oncd  ibo'«r,  there  jrc  !*'•  o  f.n>cs  as  far  a  s  starting  the  abuse 
procedure:  (•}  ii<ri.  at  a  cornet  of  the  second  element  that  is  ins'.d*  the 
firtst  (category  (’)).  or  (2)  there  arc  no  ruck  corners.  The  second  case 
id  further  divided  into  two  parts  to  that  altogethe  r  there  are  three 
starting  conditions. 

If  no  corner  of  the  Second  ole-men:  iic»  inside  th-*  first,  consid-r  first 
the  lowest  ranking  side  of  the  ;irst  tries*? cal  th*:  has  t*o  intersections 
(if  there  is  one).  Determine  which  mtc  -section  is  nearer  the  initial 
point  of  the  sido.  Take  that  intersection  as  th’  lirst  v  ru-x  of  the 
common  area  polygon  and  the  ot'*er  as  second  vertex.  Th  -n  continue 
die  ab ovi  procedure  commencing  w  ith  th  r  tccoid  inter  sec’*on  as 
starting  point  with  the  category  (4)  procedure. 

If  no  side  has  two  intersection  points,  take  the  lowest  r»r.’«nR  side  of  the 
Ttr^t  element  tivrt  has  an  intersection  and  k  ii  th--  tw ,»  .-nrlpc/ui: »  o'  the 
side  one  by  one  to  determine  which  one  is  interior  to  the  second  element. 
(One  must  be  beeau'e  there  is  just  one  intersection.  )  This  involves  ex¬ 
amining  the  signs  of  some  L's,  some  of  which  may  alread)  b«  conipuled 
from  equation  (A  fc).  If  one  end  point  is  interior,  the  other  cannot  be,  and 
there  is  no  need  to  test  it.  There  are  »wo  possibilities.  If  the  initial 
point  of  the  side  is  interior,  take  it  as  the  firs.t  vertex,  the  intersection 
as  the  second  vertex,  and  initiate  the  above  procedure  starting  with  the 
intersect  ion  ar.d  category  (4).  1*  the  terminal  point  is  interior,  take  the 

intersection  as  first  vertex,  the  terminal  poirt  as  second  vertex,  and 
initiate  the  above  procedure  with  the  terminal  point  as  starting  g-esnt  and 
cate  gory  5 1 1. 

ft*  all  cases  the  abc-’  e  procedure  >s  continued  until  the  next  vertex  deter¬ 
mined  is  the  first  v  ,-rtex.  Vhat  is,  continue  until  it  "comes  back  vhere 
it  started".  Now  all  vertices  of  the  common  area  polygon  arc  known  in 
clockwise  order  in  the  yz-plirc. 


Division  of  the  Common  Area  Polygon  Into  Quadrilateral* 

It  would  be  possible  to  dc-x!  vali  the  common  ^rea  polygon  directly  as  a 
polygon,  but  it  appears  more  efficient  to  subdivide  it.  The  polygon  has 
c.’ther  3.  4.  5,  />,  7  or  S  sides.  Associate  the  vertices  in  consecutive 
groups  of  four  with  possibiy  three  in  the  last  g/oor.  The  groupings  are 
as  follows  (other  groupings  are  possible): 

Groupings  of  Vertices 

I  2  3 

72  3  4 

;  2  f  4  45  1 

12  3  4  4  5  t  I 

1  2  3  4  4  5  6  7 

12  3  4  4  5  6  7 


No.  of 
Vertices 

3 

4 

5 


7 

6 
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4  7  I 
4  7  8  1 


Thu*  the  polygon  it  divided  into  either  one,  two  or  three  element*. 
Either  ali  of  theve  element*  are  quadrilateral*  or  all  but  one  are.  The 
remainirg  clement  (if  any)  it  a  triangle,  which  it  a  special  cate  of  a 
quadrilateral.  These  are  the  projection*  of  the  negative  element* 
associated  with  the  intersection  of  the  two  original  elements. 

formation  of  the  Negative  Elements 

The  yt-piujcctions  of  the  negative  elements  that  are  obtained  above  must 
be  projected  onto  the  shielded  element,  which  is  the  fir*t  clement  of  the 
two  original  elements.  The  mmt  efficient  way  to  do  this  is  to  compute 
geometric  quantities  for  the  negative  vlements  in  the  yt-plane  and  then 
adjust  these  quantities  by  m cine,  of  the  x -competent  of  the  normal  vector 
of  the  shielded  c>cm;ri.  This  is  a  well-known  procedure.  In  typical 
eases  lh<  number  of  element  shielding*  should  be  of  the  same  order  or 
•ess  than  the  number  of  elements.  Thus,  the  computing  time  for  forming 
the  negative  elements  should  be  no  greater  than  that  for  the  original  ele¬ 
ment  formation.  Also  recorded  arc  the  shielded  and  the  shielding  element 
for  each  negative  element. 


Multiple  Intercections 


The  procedure  is  now  finished  unless  there  arc  multiple  intersections. 
These  occur  when  the  ye  -projections  of  two  or  more  negative  elements 
over  Up.  Th  in  situation  arises  only  when  a*,  least  three  forward-facing 
elements  are  intersected  b>  a  liie  parallel  to  the  observation  direction. 
For  a  closed  body,  this  means  that  some  line  parallel  to  (he  observation 
direction  muti  intersect  the  boc'y  at  least  six  times.  These  considera¬ 
tion*  are  illustrated  in  the  sket  ch  below.  The  case  when  some  lir.e 
parallel  to  the  observation  direction  iricrsects  exactly  three  forv.’ird- 
facing  dements  and  r.o  line  intersects  more  than  three  is  denoted  simple 
multiple  intersection,  because  only  tuo  (not  more)  nega'ive  elements 
overlap  m  their  ye-projcclions.  It  app-.rs  chat  all  bodies  of  practical 
interest  are  included  in  the  case  of  simple  multiple  intersection,  and 
attention  will  be  restricted  to  Hr t  cose. 

observation  observation 

direction  'tr*ctlo* 


(freest reae) 


(frets trees) 


a 


(e)  Ko  Multiple  Intersection 
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Pressure  And  Moment  Calculation  in  the 
Case  of  No  Multiple  Intersections 

These  ar-  done  exactly  as  they  are  in  the  existing  Hypersonic  Arbitrary- 
Body  Aerodynamic  Comp  er  Program.  Pressures  and  moments  are 
computed  for  all  c lc«n<  nts.  When  they  are  added  together,  the  contribu¬ 
tions  of  the  negative  elements  are  reversed  in  sign.  Thus,  the  contribu¬ 
tion  of  a  shielded  portion  ot  an  element  is  added  positively  with  the 
element  itself  and  '.hen  cancelled  by  addin  j  the  negative  effect  of  the 
corresponding  negative  element. 

Determination  of  Simple  Multiple  Intersection 

Negative  elements  are  stored  according  to  the  (its*  nr  shielded  element 
and  arc  labeled  with  what  element  did  the  shielding  and  to  what  section  I 

the  latter  belongs.  It  is  caav  then  to  search  for  cases  where  one  element 
is  shielded  by  more  than  one  other  clement,  because  the  corresponding  i 

negative  elements  are  stored  together.  »i  this  occurs,  the  area  common 
to  the  negative  elements  must  be  determined  so  that  it  will  not  be  sub¬ 
tracted  more  than  once. 

If  an  element  is  shielded  by  two  or  more  elements  of  the  same  simple 
section,  the  resulting  negative  elements  cannot  overlap.  Thu*,  the 
condition  for  multiple  intersection  is  that  an  element  is  shielded  by 
elements  from  two  or  more  different  scc'ions. 

Determination  of  the  overlap  of  negative  elements  »*  essentially  the  same 
as  the  original  element -overlap  calculation,  lirst,  rot  ice  that  all  ele 
menu  are  -.n  the  same  plane,  namely  the  plane  of  the  shielded  element. 

Thus,  al!  calculations  are  carried  out  in  *his  pi  ne  and  no  projection  is 
subsequently  necessary. 

The  logic  of  the  calculation  is  ae  before.  The  n<  gative  elements  for  each 
sertion  are  tested  fo-*  overlap  with  those  of  each  mccecdung  section  and 
common  area  polygons  computed.  Now-,  howi-v  *.  the  "unit  calculation" 
consis's  of  several  comparisons  because  car’,  negative  clcmc^.  may  con¬ 
sist  o',  several  quadrilateral  elements.  The  resulting  common  area 
polygons  arc  associated  with  the  lower  (shielded!  section.  The  resulting 
"negative  elements"  are  positive  dementi  and  arc  treated  as  such  in  the 
iorce  and  moment  cal  ‘ulatior.s.  Thus,  th«_  fact  :ha:  two  negative  elements 
overlap  means  that  jy  subtracting  the  contributions  of  both  of  them  in  the 
force  and  moment  computations,  too  much  has  been  substractcd.  This  is 
corrected  by  addition  of  a  positive  element  identical  to  the  common  area 
of  the  two  negative  elements. 
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SECTION  VII 


COMPUTATION  OF  VEHICLE  FORCES 


Calculation  of  Lot.  ai  Flow  Conditions 

In  the  geometry  part  of  the  program  the  input  element  is  converted  into 
3.  plane  quadrilateral  element.  The  quadrilateral  is  described  by  its 
area,  the  coordinates  of  the  centroid  of  the  element  and  by  the  direc¬ 
tion  cosines  of  the  surface  unit  normal.  In  the  1  jtcc  calculation 
methods  we  must  also  know  the  angle  that  the  element  makes  with  the 
freestream  velocit/  vector  (the  impact  angle).  This  angle  changes  as 
the  vehicle  abniude  (a'tgle  of  attack,  yaw,  ana  roll  angle)  cltanges.  The 
impact  angle  may  be  found  from  the  following  relationship: 


6  =  It  IZ  -  e 


cos  9  -  - 


n  •  V 


|n|  jv| 


wne  re 


n  is  the  ‘in it  normal  outward  from  the  surface  with 
Ji-ecMon  cosines  n  ,  n  ,  n 

x  y  *■ 

V  is  the  local  velocity  vector  with  direction  cosines  in 
the  vehicle  coordinate  system  given  by  V^,  V^,  V^ 


The  direction  cosines  o»  the  unit  surface  normal  are  gtvrc  by  the 
quadrilateral  calculations.  The  value  of  the  local  velocity  vector  V 
depends  uoon  the  vehicle  attitude  with  respect  to  the  If  oestream  direc¬ 
tion  and  its  angular  rotation  rates,  and  is  derived  in  the  discussion 
below.  The  rotation  directions  are  consistent  with  i.e  conventional 
stability  body-axis  system.  The  coordinate  system,  howev©r,  is 
changed  to  be  consistent  with  the  geometric  description  system 
discussed  previously. 

/. 


where 


P  =  rolling  velocity 
Q  =  pitching  velocity 
R  =  yawing  velocity 
Jl  =  ‘otal  angular  velocity 


The  movement  of  a  given  element  of  the  vehicle  with  respect  tr.  the 
freeatream  depends  upon  the  vehicle  rotation  rate  and  the  position  os  the 
element  relative  to  the  rotation  center.  The  radius  vector  from  an 
arbitrary  reference  point  on  the  vehicle  to  a  point  on  the  surface  is 
en  by 

r  =  -  xQ)  i  +  (y  -  yQ)  j  +  (s  *  zQ)  k 

xo’  *©■  zo  **  t^>e  moTneat  reference  poinc  (center  of  gravity), 
total  angular  velocity  is  given  Ly 

Q  =  Pi-Qj-Rk 


Tlie  freestream  velocity  vector  is  givet  by 


V 

CD 


CD. 


+  V 


CO/ 


k 


The  total  velocity  vector  relative  to  the  surface  element  obtained  by 
cocnbining  the  above  relationships  as  follows: 


V 


Q  x  r 


The  local  velocity  vector  therefore  becomes 


or  V 
where 


}v.i.[QU-.0l-«ly-y0)]ji 
}v-, ‘  p  «—.»]■  i 
|V  [p  «>->„»  •  o  <«-«„>]•  f 


VX  ‘  +  Vy  J  +  k 


\x  *  [Q  <~0>  -  *  <>->0)j 

v  -  [R(x-x  )*  P  fr-z  )1 
^  y  0  O  J 

v-_,  -  Cp(v->0)  *  Q  j] 


The  total  local  velocity  is  giver,  by 


The  conventional  surface  impact  angle  is  then  given  by 

-n  .  V  -  *  V  -  n  V  N 


8  =  it  / 2  -  cos 


.  j  ii  <  o  f  '  ta  »  \ 

5  { _ - - 1 _ L.-L  ) 

\  Veal  ' 


where  n  .  n  ,  n  ,  are  the  outward  s\  -  face  unit  norma!  direction  cosines 
x  y  z 


To  complete  the  p-receeding  computations  'e  trust  obtain  the  fiecstream 
velocity  components;  ,  and  Va)  t  .  Thcs  *  equations  i  re  derived 

belo-*  by  using  '.he  conventional  right -hand  '  d  cnordin*  e  system  and  apply¬ 
ing  the  necessary  rotation  matrices  using  a  y.i. * -pitch  -roll  s;qu?nce. 


Rotation  about  x-axis,  ya w 
f  cos  4*  sin 


[*] 


-sin  t  cos  4 
0  0 


Rotation  about  y-axis,  pitch 


10) 


cos  o 

0 

sin  $ 


5»  -sin  $ 
1  0 
0  cos  9 


Rotation  about  x-axis,  roll 


1 

0 


0  U  1 

cos  ^  sin  4* 


0  -sin 


JS  <t> 


y;  y” 

Y’" 


The  complete  rotation  matrix  is  as  follows 

|a)=  [*)[<>)(*! 


(A) 


c&jflcos^  cos^sin^  -  sm0 

sin^  sinO  cosfi  -  coe^sin**  sin^nn^sinf  t  cos^cc  s$  oin^cos# 

coi^  swC  cos<<»  f  sind*ain^  coi^sinfl  sin*  •  sint^cos*  co»^cos6. 


I  1  I 


•  •I 

X*>x 

X^y 

=  (A) 

0 

= 

v’" 
<*>*  - 

0 

v_ 

cos  6 

co:^ 

Xo 

s  in  d» 

tinO  cos^r  + 

V 

OD 

cos<^ 

si  n«i< 

Xx> 

ens^ 

sind  co6 <ii  - 

X*> 

sm<i> 

sim/» 

To  be  consistent  with  the  coordinate  and  sign  conventions  used  in  the 
program  we  nut:  now  apply  the  following  relationships 


\!  = 
r^x 

Vc 

■  S  ‘ 

V 

Ojy  * 

V  =  -  V 

CO.  oo.. 

a  - 

6 

ft  -- 

- 

0 

II 

■e 

a  = 

angl 

e  of  attac  k  (■* 

•  with 

vehicle  nose  up) 

P  -- 

s  ide 

slip  angle 

(  + 

with  v 

chicle  nose  left) 

4>  = 

-oil 

angle 

(♦ 

with 

right  wir.g  dowr’/ 

1~he  freestrean.  velocity  components  are,  therefore,  given  by 

Xo  =  -  COS<*  Ct'8/3 

X  w 

X®  =  Xr>  »>na  cos/9  +  cos^  sin/* 

ccs<£  sin  a  cos  fi  -  sin^  sm/J 

Coefficient  Transformations 


The  conversion  of  the  ax.al  force  and  norma!  force  coefficients  to  l s ft 
and  drag  coefficients  requires  the  followu.g  matrix  operation. 


where 

-1 

[A)  = 


1  * 

r  ■) 

<~'D 

-  1 

'  “A 

C  Y 

= 

C  Y 

CL 

C08 8  COS<i< 
cos 8  sintjt 
.  -sinfl 


sind>  sin  (I  co  -  cot^iHn^ 
sin^sinf*  sin^»  ?  cos^cosiir 
sin$cosd 


I  \Z 


cos©  Bind  cos^r -r  nr^ainfi 

cos^ttnff  #infi  -  sin<£cost> 
cosi  cc.sd 


Since 


C 


C 


a 


'  CD  *  CL  ~  '  CL  * 
9  .  <&=-♦. 
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*  - 
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the  futai  force  coefficient  transformation  equation*  became 


CD  =  CA  coea  comji  -  Cy  sm^  (ina  co*0  -  Cy  cot^  sin/1 
+  C^>  co<^  noa  cos/?  -  CN  nr.i^  sin/3 

Cy  =  CA  cos  2  sin/?  -  C y  s in  4  sin  a  m\o0  *  Cy  cos  4>  cos  /? 
♦  Cjs;  cc*^  sino  sicf  ♦  C^  si n£  cos/3 

CL  -  -  CA  sino  -  Cy  rin^  cos  a  ♦  C ^  coi^  cos  o 


In  ionic  parts  of  the  program  it  is  nececiary  to  kc.o«s.-  me  direction  in 
which  ai  element  shear  force  is  acting  (i.e.  ,  free  molecular  flow,  skin 
friction).  Ti-i*  ci.»rectirvu  is  assumed  to  he  in  the  plane  of  the  surface 
outward  normal  and  the  incident  velocity  vector,  and  is  determined 

by  taking  successive  vector  products  as  follow*. 


Sarfaer-  Velocity  Vecto'' 

The  procedure  is  illus’ rated  in  the 
accompaning  sketch  were  the  in¬ 
cident  velocity  vector  is  defined 

V  =  Vxi  *  VyJ  4  V,k 
iriu  the  surface  normal  a z 

N  -  nx  i  ♦  cy  j  ♦  n^  k 


First,  a  rurface  tangent  vector  (T)  is  defined  by  the  crost  product  ci  the 
normal  and  velocity  vector.*: 

•  T  =  7X  i  ♦  T  j  4  k 

\  7 


where 


Then  the  direchoe  of  the  shear  force  (S)  is  gives  by  the  crov>  product 
of  the  ".irtice  t^og  ini  i>ad  norma)  vectors; 


where 


S  -  S  i  t  S  i*S  k 
x  y  J  x 


•'*  y 


T*  \ 


Sy  *  Tx  S  -  Tx 
sx  Ts  ny  -  Ty  n* 


Pressure  Coefficient  Corrections 


In  the  program  force  calculations  the  pressure  on  ecch  element  is  calcu¬ 
lated  completely  independent  of  ali  other  elements  (except  the  shock- 
expansion  method).  If  the  vehide  ic  rotating  the  local  pressure  coefficient 
most  he  corrected  hack  to  freestream  conditions.  This  is  accomplished 
by  the  following  relationship. 


where 


C 


Plocai 


pressure  coefficient  based  on 
local  conditions  and  including 
vehicle  rotation  rare  correction 

• 

Cpioca*  5  *oc*^  pressure  coefficient  without 
local  rotation  rate  velocity 
correrr.on 


When  interference  effects  arc  being  accounted  for,  the  pressure  coefficient 
is  determined  on  the  basis  of  a  "local"  freestream  condition  as  interpolated 
from  the  flow  field  data,  Tins  coefficient  is  corrected  to  the  real  freestream 
conditions  by  the  equation  below. 


(S,?  ^  - 


where 


M  2 
2  co 


C 


V 


pressure  coefficient  based  on  frccetrcam 
conditions 


Cp  -  pressure  coefficient  based  on  local 
X  interference  flow  field 

-  Mach  number  based  on  local  interference 
fiov.-  field,  FS(o) 


t  14 


p/ 

• —  -  ratso  of  local  interference  floe  field 

Rao  pressure  to  freestream  pressure, 

DINFL(5) 

Mpp  “  freestream  Mach  number 


Vehicle  Force  Coefficients 


In  th''  arbitrary-body  program,  ihe  contribution  of  each  element  to 
three  force  coefficients  and  three  moment  coefficients  are  calculated. 
The  basic  relationships  to  accomplish  this  are  as  follows: 


where 


axial  force 

*CA 

side  force 

aCy 

normal  force 

ACr 

rolling  force 

ACj 

pttCaaiiajg  TTiOTTicut 

A 

**  ^  m 

yawing  moment 

^n 

(Cp  nx-Cf  S%l  |A 


ref 


a  A 

(Cp  n  -CfS  ) 

V  y  1  ref 


-«cp".*c<V  5^, 

K  *  ^CK  b 


, r  .  A  r~ 

-  •  "'■'A 

c 


*cy  £  ’  ACA  i 


4A 


eleme  nt  are* 


surfs  ce  skin  friction  shear 
force  coefficient 


S 


x 


direction  cosine  components 
of  surface  velocity  vector 


b  -  reference  span  (lateral  and 

directional  moment  coefficient 
reference  length) 


ir.ean  acre  dynamic  chord  (for 
loruitvdmal  moment  reference) 


x,  y,  z  -  dis.ancec  from  the  center  of 
gravity 

xcentroid  “  Bcg »  clc> 
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The  minus  >ign«  in  the  above  equations  are  required  because  of  the  sign 
conventions  on  x  and  r  in  the  body  coordinate  system  (x  positive 
fur*v»rd.  and  r  positive  upward). 

The  toui  force  and  moment  coefficeints  are  obtained  by  suinming  the 
contributions  of  ail  the  elements: 


CA  = 

2- 

ACa 

cy  = 

E 

AC  Y 

CN  " 

E 

Cl  = 

E 

ACt 

Cm  = 

E 

cn  = 

"> 
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SECTION  VIII 


INVISC1 D  PRESSURE  METHODS 


Many  of  the  pressure  calculation  method'/  us:d  in  the  analysis  of  high¬ 
speed  shapes  are  listed  in  Figure  .  An  has  bear,  made  in  the 

preparation  of  this  figure  to  indicate  the  interrelationship*  of  the 
methods  (the  information  ran,  of  course,  be  organized  in  nury  different 
ways).  Some  of  these  methods  are  move  applicable  tv  the  arbitrary  - 
body  problem  than  others. 


The  method  of  characteristics  is  the  eventual  ideal  approach  for  the 
calculation  of  forces  on  three-dimensional  shapes  at  high  speed*.  It 
will  require  starting  solutions  for  three -dimensional  biunt  bodies  of 
arbitrary  shape.  The  development  of  a  method  of  calculating  three- 
dimensional  boundary  layers  would  permit  the  use  of  an  iterative 
process  to  account  for  the  viscous -inviscid  interaction.  Although  this 
approach  has  been  used  for  some  very  simple  shapes,  the  complete 
solution  for  arbitrary  shapes  is  some  time  away.  Significant  progress 
is  also  bev*»g  made  ir.  the  so'  .ion  of  the  inviscid  flow  field  by  finite 
diftevcice  methods.  However,  present  mathematical  techniques  and 
digi(al-compu‘er  size  and  speed  capability  must  be  reserved  for  simple 
shapes  02  important  detail  design  applications  where  very  large  com¬ 
puter  time*  might  be  acceptable. 


Many  of  Ihe  ocher  methods  shown  in  Figure  so  would  be  useful  force  - 
calculation  methods  for  inclusion  in  an  arbii vary -body  system.  The* 
selection  of  the  proper  method  in  a  given  application  depends  upon 
the  vehicle -component  shape  and  flight  condition  and  must  be  selected 
by  the  engineer  on  the  bauis  of  his  knowledge  and  c*p nence  in  the  use 
of  _ach  method. 

Three  bat>.  paths  of  obtaining  the  inviscid  pressure  in  the  Mark  IV 
program  exi<t.  The  first  path  is  the  most  frequently  used  and  is  the 
calculation  of  pressures  by  one  of  the  simple  impact  or  expansion 
pressure  methods.  These  methods  require  impact  angle,  or  a  change 
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Figure  40.  Pressure  Calculation  Methods 
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in  angle  of  an  element  from  a  previous  pouit  and  in  tome  diet  (he  free* 
stream  Mach  number  (M^).  These  methods,  in  this  mode,  are  used 
without  any  interference  effects  as  in  previous  HABS  programs.  The 
nert  section  presents  a  discussion  of  these  simple  impact  type  pressure 
calculation  techniques. 


The  second  rath  to  obtaining  pressures  includes  the  calculation  of  inter¬ 
ference  effects  from  one  component  on  another.  This  capability  uses 
some  of  the  simple  impact  methods  but  with  local  conditions  determined 
from  the  flow  field  of  another  component.  This  method  of  obtaining 
inviscid  pressures  with  corrections  for  these  interference  effects  is 
discussed  on  page  lli. 

The  final  path  for  determining  the  inviscid  pressures  on  the  quadrilaterals 
o  a  shape  is  by  means  of  interrogation  of  previously  stored  pressure  data. 
Tnis  stored  data  may  be  either  calculated  or  experimental  results.  The 
stored  pressure  information  is  not  required  at  the  quadrilateral  centroids 
since  interpolation  of  pressures  can  be  accomplished.  Pressures,  once 
obtained  at  the  centroid  of  each  quadrilateral,  arc  summed  in  the  same 
manner  as  the  previous  two  approaches  to  obtain  final  vehicle  forces.  A 
discussion  of  this  method  is  presented  a^  the  last  section. 

BASIC  PRESSURE  CALCULATION  METHODS 


The  aroitrary  body  lorce  computer  program  contain*  a  number  of  optional 
me  thuds  for  calculating  the  pressure  coefficient,  in  each  method  trie  only 
geometric  parameter  required  is  the  clement  impact  angle,  6  ,  or  the 
change  in  the  angle  from  a  previous  element. 


Before  the  program  calculates  me  pressure  on  each  surface  element,  it 
checks  to  sec  if  the  element  is  lacing  the  flow  (in  an  impact  region)  or 
facing  a*vav  trom  the  flow  (in  a  shadow  region).  The  methods  tc  be  used 
in  calculating  the  pressure  ;n  impact  and  shadow  regions  may  be  specified 
independently.  A  summary  of  the  program  pressure  opt  ans  is  pretented 
below. 


Basic  Pressure  Calc 
Mark  IV  Mod 

Impact  Flow 

1.  Modified  Newtonian 

2.  Modified  NewtoniarPPrand'.l-Mcye 

3.  Tangent  wedge 

4.  Tangent -wedge  empirical 

5.  Tangent -cone 
t>.  Inclined  cone 

7.  Van  Pyke  Unified 

8.  Blunt  body  shear  force 

9.  Shock  expansion 

10.  Free  molecular  ilo»' 

11.  Input  pressure  coefficient 

12.  Hankey  flat -surface  empirical 

13.  Delta  wing  empirical 

14.  Modified  Dahlem.  flock 

15.  Blast  wave 
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illation  Methods 
)  Program 

.Shadow  Flow 

1.  Newtonian  (Cp  =  0) 

-  2.  Modified  Newtonian*Pran<ltl- Meyer 

3.  Prandtl  -  Meyer  from  free -stream 

4.  Inclined  cone 

5.  Van  Dyke  Unified 

c.  High  Mach  base  pressure 

7.  Shock -expansion 

8.  Input  pressure  coefficient 

9.  Free  molecular  How- 


I 


Since  meet  of  these  methods  arc  adequately  discussed  in  the  literati. re 
the/  will  be  reviewed  only  briefly  in  thus  document.  The  blunt -body 
shear  force  and  the  boundary 'layer  induced  pressure  method?  are 
discussed  in  detail  in  the  section  cescribing  Viscous  Force  Methods. 

Modified  ^estonim 

This  method  is  probably  the  most  «  idelv  rftc  of  all  the  hyperao-nc 
force  analysis  techniques.  The  nuiir  re.nw  for  this  ;«  its  r.mpiicUy. 
Like  all  the  force  calculation  methods.,  however,  its  validity  in  any 
particular  application  depends  upon  the  High-  condition  and  <-ic  shape 
of  the  vehicle  or  component  being  considered.  Its  most  yeieral  ap¬ 
plication  is  for  blunt  shapes  at  high  hypersonic  speed.  Thv  usual 
form  of  the  modified  Newtonian  pressure  coefficient  is 

_  2 

C  =  K  sin  j 
P 


In  true  Newtonian  flow  (M  =  ®,  3-1)  the  parameter  K  is  taken  as  2. 
In  the  various  forms  of  modified  Newtonian  theory.  X  is  given  values 
o’.fier  than  2  depend  rg  on  the  type  of  modified  Newtonian  theory  uiied. 
K  is  frequently  taken  as  being  equal  to  the  stagnation  pressure  co¬ 
efficient.  In  other  forms  it  is  determined  by  the  following  relation¬ 
ship  (Reference  36) 

C 


K 


nose 


2, 

sin  a 


nose 


where 

C 

p 

'nose 


6nose 


the  exact  value  of  the  pressure 
coefficit  nt  at  the  nose  or  leading 
edge 

impact  angle  at  the  nose  or  leading 
edge 


In  other  work  K  is  determined  purely  on  an  empirical  basis. 


K  =  fn  (M,  e,  shape) 


When  modified  Newtonian  th.rcry  is  used,  the  pressure  coefficient  ii. 
shadow  regions  (6  is  negative)  is  usually  set  equal  to  sere 


Modified  Newtonian  Pin*  P  randtl- Meye  r 


This  »  sethod,  deiciibcd  as  the  blunt  body  Newtonian  ♦  Pr«.ndtl-Meye  r 
technique,  is  based  on  the  analysis  presented  by  K-iuiman  in  Peference 
2  !.  The  flow  model  used  in  this  method  assumes  a  blunt  body  with  a 
detached  shock,  followed  by  an  expansion  around  the  body  to  supersonic 
conditions.  This  method  uses  a  combination  of  modified  Newtonian  r.r.d 
Prandtl-Mc  yer  expansion  theory.  Modified  Newtonian  theory  is  used 
along  the  body  until  a  point  is.  reached  where  Ixith  the  pressure  and  the 
pressure  gradients  match  those  that  would  be  calculated  by  a  continuing 
Prandtl-Mcyer  expansion. 

The  calculation  procedure  derived  for  determining  the  pressure  co¬ 
efficient  usrng  the  biuni  body  Newtonian  +  Prandtl-Meycr  technique 
is  outlined  below. 


I . 


Calculate  freestroam  static  to  stagnation  pre ssure  ratio 

Y 


p*  . 

r  1 

2 

V- 1 

2 

2  ,  M J-  -  |Y  -  1) 

Po 

o  ♦  i)  mJ 

V  +  ! 

1 

V-l 


2.  Assum*  a  starting  value  of  the  matching  Mach  number,  M 
(for  Y  s  1 .  4  assume  Mq  -  1 .  35) 


3.  Calcu’^'e  matching  point  to  free-strearo  static  pressure  ratio 


Q 


t  t  n  -  i)  m 


4.  Calculate  new  free-6tream  static  to  stagnation  pressure  ratio 

3  2  M  4  Q  i 
q  5 

r — 


4{Mq~  -  l)  (1  -  Q) 


] 


5.  Assume  a  new  matching  point  Mach  number  (1.75)  and  repeat 
the  al  \e  steps  to  obtain  a  second  set  of  data. 

t>.  With  the  above  two  tries  use  a  linear  interpolation  equation  to 
estimate  a  new  matching  point  Mach  number.  This  process  is 
repeated  until  the  solution  converges. 
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7. 


Calculate  the  surface  slope  at  the  matching  point 


s,n2  6q 


Q  -  P 
TTp 


8-  Use  the  Prandtl- Meyer  expansion  equations  to  find  the  Mach 
number  on  the  surface  element.  M^ 

V.  Calculate  the  surface  pressure  ratio 


V 

v-  l 


where 

r\  is  provided  aa  an  empirical  correction  factor 

p  is  the  pressure  on  the  element  o.(  interest 
6 

10.  Calculate  the  surface  to  freest"earr.  pressure  ratio 


P 

n 


/  1  V 


11.  Calculate  the  surface  pressure  coefficient 


The  results  of  typical  calculations  using  the  above  procedure  are 
shewn  in  Figure  41  Note  that  the  calculations  give  a  positive  pres¬ 
sure  coefficient  at  a  zero  in. pact  angle.  As  pointed  out  in  several 
references  these  results  correlate  well  with  test  data  for  blunt 
shape*.  However,  the  surface  curvature  changes  gradually  to 
zero  slope  some  distance  from  the  blunt  stagnation  point  the  pres¬ 
sure  calculated  by  this  method  will  be  too  high.  This  is  caused  by 
characteristics  near  the  nose  intersecting  the  curved  shock  system 
and  being  reflected  back  onto  the  body.  Tf  the  zero  slope  is  reached 
near  the  nose  (such  as  in  a  hemisphere  or  a  cylinder)  this  effect  has 
not  had  time  to  occur. 

Tangent  -1  edge 

The  tangent -wedge  and  tangent -cone  theories  are  frequently-  used  to 
calculate  the  pressures  on  two-dimensional  bodies  and  bodies  ol 
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figure  41.  Blunt  Body  Newtonian  t  Prandtl-Me 
Preasuie  Results 


revolution,  respectively.  These  methods  are  really  empirical  in 
nature  since  they  have  no  firm  theoretical  basis.  They  are  suggested, 
however,  by  the  results  of  mora  exact  theories  that  thow  that  the 
pressure  on  a  surface  in  impact  flow  is  primarily  a  function  of  the 
local  impact  angle.  In  this  program  the  tangent-wedge  pressures  arc 
calculated  using  the  oblique  shock  relationships  of  NACA  TR~l).sfi 
(Reference  22).  The  basic  equation  used  is  the  cub  e  given  by 


(.in2  « 


+  d  =  0 


b  R 


♦  c  R  ♦  d 


=  0 


or 


where 


6 

s 

6 

b 


d 


shock  angle 
wedge  angle 


M 


+  2 
7 


M 


2  M  +  1 


-  Y  sin  fc 


<Y  ♦  n 


M 


...  1 

Mri 


!  sir.'  t 


2. 
cos  6 


The  roo.'s  of  the  above  cubic  equation  may  U  obtained  by  using  the 
trigonometric  solut  .on  procedure  (see  Refer  mce  64)  36  indicated 
beiow. 

V J  =  z  /  ph  cos  (-/ 3)  -  b/3 

y2  =  -2  J-  p/3~  cos  (w/3  +  60*>  *  b/3 

y3  =  -2  /-  p/3  cos  (- '3  -  60*)  -  b/3 

-  Vj  -  b/3 

>2  -  b/3 

=  y  3  "  b  3 


R 


12) 


whe  re 


p 

q 


cos  -  - 


R. 

i 


root  6  of  the  reduced  cubic  equation 


~  ♦  d 


sin  0^  -  roots  oi  the  cubic  equation 


The  smallest  of  the  three  roots  co; responds  to  a  decrease  in  entropy 
and  is  disregarded.  The  largest  root  is  also  disregarded  since  it 
never  appears  in  physical  actuality. 


For  small  defections,  the  cubic  solution  becomes  very  sensitive  to 
numerical  accuracy;  that  is,  to  the  number  of  significant  digits  car- 
tied.  Since  this  is  dependent  on  the  particular  machine  emplu  id, 
an  alternate  procedure  is  usee. 


When  the  flow  deflection  angle  is  equal  to  or  less  than  2.0  degrees, 
the  following  equation  is  used  instead  of  the  above  cubic  relationships 
(Reft  rcr.cc  23  |: 


2 

sin  $ 

6 


Once  the  shock  angle  is  obtained  the  remaining  flow  properties  may 
be  found  from  the  relationships  of  Reference  22, 


density 


( 7  ♦  1 )  M2  s  in'"  8 

_ H 

(y  -  1)  M2  sin2  8  t 

ft 


temperature  =  T2  =  T 


j2TM2  sin2  6*  -  fy-  I )}  ^{y  -  1 }  M2  sm2  8. 

~l - 2 — ’S" 

<r  +  ir  hr  « m  8 


!  24 


pressure 

d(M2  sin2  6  -  1  ) 

coefficient 

=  cD  = 

s 

- _ - 

<y  ♦  1 )  m2 


where 

(  )l  z  conditions  behind  the  shock 


Oblique  shock  detachment  conditions  are  reached  v.  hen  no  solution 
may  be  found  to  the  above  cubic  relationships.  Uncer  these  conditions 
the  program  uses  the  Newtonian  ♦  Prandtl-Meyer  method  for  continued 
calculations. 


Tangent -Wedge  and  Delta  Wing  Newtonian  Empirical  Method 

The  tangent  wedge  Newtonian  empirical  method  and  the  tangent -con* 
method  used  in  the  Delta  Wing  empirical  mothod  arc  based  on  the 
empirical  relationships  below. 


For  wedge  flow 


am  6 


sin 


(1-0  cos  (6g  -  6w) 


where 


V  ♦  1 


1  + 


<V  -  l)  Mn* 

f!6 


12* 


For  cone  flow  (thin  shock  layer  assumption) 


sin  b  . 

sing  -  - j - - - 

8  (1  -  4  1  cos  (0  -  6  ) 

2  sc 


In  the  limit  as  M  -  x  »  =  t,. 

lint 


Tf  1 


tun  cos 


lb. 


6) 
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The  refore 


wedge 


cone 


sinQ  - 
s 


>  +  1 


sin  0 

a 


20  ♦  1) 

N  +  3 


sin  6c 


Thee e  limiting  expressions  for  t  may  now-  be  compared  with  the 
data  of  TR-1115  (Reference  22  i  at  >  =  7/b  using  the  following 
similarity  parameters.  The  exact  equations  contain  tnree  vari¬ 
ables  —  f)fl,  6,  and  «  .  Noting  that  for  "»  =  constant.  *  -  fnlM^g) 
only  the  preceding  equations  may  be  rewritten  in  the  following 
form: 


wedge 


erne 


M 

“iO 


M  sin  & 

_ w _ 

(1  -  «)  cos  (G  -  6  ) 
ft  w 


M 


ns 


M  sin  fc 

c 

<>  -  j)  cos  <»s  -  ic) 


The  parameter  (6  -  6)  is  approximately  constant  and  independent  o’ 

M  except  near  the  shock  detachment  condition.  The  equations  es- 
bcntially  contain  only  two  variables,  K1  and  M  sin  5.  These  are 
used  as  coordinates  to  plot  the  data  fornwedge  flow  shown  in  Figure 
*2.  A  similar  plot  could  be  obtained  for  cone  flow.  From  ihc  figure 
it  is  -’ecu  that  the  data  are  m  arly  normalized  with  the  use  of  these 
coordinatcs. 


For  rapid  calculations  we  need  relationships  for  M  as  a  function  of 
M  sin  8  that  satisfy  the  following  requirerm  nts: 

1.  The  effect  of  shock  detachment  is  neglected 

.  At  M  sin  6  =  0,  M  -  1 

ns 

3.  The  solution  asymptotical!)  approaches  the  M  =  =  line 

d  M 

4.  Have  tr.e  correct  slope,  — - — - at  M  sin  b  -  C 

d  M  s  1  n  r- 
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8  TO  12  ic 
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,ow  Shock  Angie 


These  condition;  lewd  to  equations  of  the  following  form 

-  M' 


where 


wedge  +  e 

*.■  41 

cone  M  =  X  M‘  +  e'KcM' 
ns  c 

M'  s  M  sic  £ 

Kc  =  2  ,'y  +  i)/(y  +  3) 


These  expressions  arc  compared  with  the  data  of  TR-)  135  in  Figures 
A3  and  AA.  The  cone  data  are  also  shown  in  Figure  AS  v  \fh  the  same 
scales  as  in  Figure  47. 

The  pressure  coefficient  may  now  be  obtained  by  the  following  relatlon- 
dhips  for  a  wedge  and  core  respectively. 


1)/M 


/: 


#  V  *  %  *  -  ^  ^  1 

|  /  -  A  JIV»  ♦  4. 


.  2,  I  ,  w  "  1  nt  I 

=  c  sin  6  f  - - , 

H  L  ^y  +  DM*  J 


Experimental  results  have  shown  the  pressure  on  the  centerline  of  a 
delta  wing  to  be  in  agreement  with  two-dimensional  theory  at  small 
values  of  the  similarity  parameter  (W  3.0)  and  the  cot.ical  flow  theory 
at  higher  values.  The  previous  expressions  derived  for  wedge  and  cone 
flows  have  been  combined  to  give  these  features.  The  resulting 
relationships  a  re  given  below.  ^  . 

~  (Kc  - 

XV.s  1  Kc  M‘  >  c 


For  Y  =  7/5 


1 .09  M  sin  8  *  e 


-0.49  M  sin  8 


The  similarity  paramour  relationship  for  pressure  ir- 


=(r4r)(M»J  - ') 


The  shock  angle  and  pr«;ssurc  coefficient  calculated  from  th*  i>bov- 
equate  :s  are  compared  with  the  experimental  ies»:lti  (Reference  24  ) 
in  Figures  46  and  47,  respectively. 
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Wedge  F1on».  Shock  Angle  Empirical  Correlation 
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Figure  UU.  Conical  Flow  Shock  Angle  Kmpirical  Correlation 
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Figure  A!>.  Comc.'.l  Flow  Shock  Angle  Cmpivical  Correlation 


Tangent  Cone 


AQ  approximate  solution  for  predicting  the  eurtaco  flow  conditions  on  a 
cone  in  supersonic  flow  has  been  devised  applicable  to  the  entire  Mach 
number  -  cone  angle  regime  for  an  attached  bow-wave.  Detai1  ;d  com¬ 
parison  with  exact  results  sho«  improved  accuracy  over  cu  *cntly 
available  approximations.  This  is  a  new  cone  method  and  should  not  be 
confused  with  the  empirical  tangent  cone  method  just  discussed  on  the 
previous  pages  and  which  was  used  in  the  old  Mark  III  program. 


Basis  for  this  new  method  is  the  combining  of  two  approximate  techniques, 
one  yielding  accurate  results  in  the  low  supersonic  range  and  the  other 
in  the  high  supersonic  range,  by  the  uae  o!  transition  functions  defined 
in  terms  of  the  appropriate  similarity  variables  to  provide  uniformly 
valid  solutions  over  the  entire  speed  range.  Specifically,  second -order 
siender-body  theory  (Reference  rs)  is  used  for  small  values  of  the 
unified  similarity  parameter  and  the  approximate  solution  of  Hair.mitt 
and  Murthy  (Reference  26)  for  large  values. 


The  surface  pressure  and  conical  shock-wave  angle  are  determined 
which,  together  with  the  assumption  of  an  ideal  gas  with  constant  ratio 
of  specific  heats,  are  sufficient  to  calculate  all  the  surface  flow  var  i¬ 
ables.  It  should  also  be  mentioned  that  the  present  solution  do  -s  not 
require  multiple  integration  of  the  differential  equations  ar'cs  the  flow 
field,  but  is  obtained  by  direct  algebraic  solution  providing  results 
rapidly. 

The  quantities  of  direct  importance  to  the  Supersonic-Hypersonic 
Arbitrary-Body  Aerodynamic  Computer  Program  are  the  surface  pressure 
cocfticient  and  Mach  numbs  The  calculated  pressure  coefficients  have 
been  compared  to  exact  results  and,  for  Mach  numbers  greater  than  7 ,  the 
maximum  error  is  less  than  1  percent  and  in  the  hypersonic  speed 
range  the  average  error  is  of  the  order  of  0.2S1.  The  accuiacy  of  the  pre¬ 
dicted  surface  Mach  numbers  is  extremely  good  (the  order  of  0.30  percent 
maximum  error)  throughout  the  speed  range,  except  as  bow -wave  detach¬ 
ment  is  reached.  For  the  present  purposes,  the  extreme  conditions 
correspond  to  surface  Mach  number  equal  to  1.0  and  a  comparison  with 
exact  results  showed  good  agreement. 


For  reference,  the  prose  ..  -tiio*’ _ been  compared  with  Schwartz's 

formula  for  pressure  coefficient  (Reference  27).  The  percent  relative 
error  in  Cp  is  given  in  Table  1  using  Schwartz’s  formula  and  in 
Table  2  i’ sing  the  Douglas  method  (the  tabulated  values  have  been 
rounded  to  the  nearest  integer  percent).  For  completeness,  the  rela¬ 
tive  error  in  surface  Mach  number  an  me  shock  angle  using  the 
Douglas  method  are  shown  in  Tables  -nd  4,  respectively  (the  Schwartz 
formula  is  only  for  Cp).  The  exact  values  (subscript  ex)  were  obtained 
from  Reference  20. 


Table  3 


Table  4 

Percent  Relative  Error  In  Shock  Angle 


Inclined  Cone 


/.  method  for  predicting  the  pressure  distributions  on  circular  cone*  at 
angle -of -attack  has  been  put  together  based  on  the  British  work  of 
Reference  28.  For  convenience,  this  will  be  referred  to  as  the  CPI792 
method.  The  cited  reference  presents  the  development  of  this  method 
in  ample  detail  and  only  u>c  essential  features  will  be  described  h<  ’em, 
along  with  several  modifications  that  have  been  made.  The  original 
method  was  compared  with  experimental  results  for  ten  different  rases 
and  have  been  rerun  using  the  Douglas  version.  In  addition,  Jones' 
pressure  formula  (Reference  2S)  has  been  compared  with  these  cases. 
Both  methods  arc  in  good  agreement  with  the  data. 

Method  of  CP  t  792 

Briefly,  the  CP  #79 2  method  is  an  ingenious  extension  of  simple  impact 
theory • 

Cp  :  K  *  lin^  ft 

where  K  is  a  suitable  impact  coefficient  and  ft  is  the  impact  angle.  The 
impact  angle  for  a  cone  is  easily  expressed  in  Cerm6  of  the  cone  angle 
6,  angle  of  attack  a,  and  circumferential  angle  4>  (nici  sored  from  most 
windward  generator): 

sin  6  =  sin  6  cos  a  ♦  cos  tf  sin  n  cos  ® 

Substituting  this  into  the  Cp  equation,  the  pressure  coefficient  may  bi 
expressed  as  the  sum  of  three  terms: 


CP  ^  CPA  *  CPN  *  CPX 


CPA 

=  K 

sint  0 

2 

COS4'  <* 

CP.\ 

=  K 

cos  *  $ 

sin^a  c  o»^i 

CPX 

=  K 

(2  sin  d 

cot#  sma  cot  ji  cos 

These  three  terms  lend  themselves  to  the  following  physical  interpreta¬ 
tion.  Cp  is  that  part  of  the  total  which  can  be  regarded  as  being 
generated  by  the  axial  flow  component,  cos  a.  Cp^  i*  that  part  ol 

the  total  which  .an  be  considered  as  being  generated  by  the  normal  or 
transverse  flow  component,  sin  a.  Finally,  Cp^  is  a  cross-product 

term  which  can  be  regarded  as  arising  from  the  interaction  oetween  the 
axial  and  normal  flow  components. 
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The  authorti  of  CP  f  792  make  the  atiuimp:ion  that  the  thre<;  componeoti 
can  at  all  times  be  treated  independently  of  each  other  and  then  proceed 
to  develop**  coefficients  K/^,  *N.  and  Kj[  suitable  for  each  flow.  Thie 
ia  the  cru*  of  the  whole  method.  The  Mark  IV  application  retains  only 
the  KX  term  and  calculates  the  axial  and  normal  components  directly. 

Axial  Component  Cp^ 

At  a  2  0,  Cp^  -  1<  ain^d  which  is  simply  the  pressure  coeffi'ient  for  a 
cone  (Cp^)  at  M/,  =  cos  O  .  Since  the  total  Cp  is  based  on  frec- 
Urc&m  dynamic  pressure,  the  cone  value  must  he  adjusted  by  the 
q-ratio 

CP/t  =  CPC  =  Cp(;  co*  a 

Inhere  Cp_  -  f(My^)  and  :s  obtained  by  use  of  the  previously  discussed 
tangent  cone  method. 

Normal  Component  Cpx 

The  development  of  Cj,^.  is  analogous  to  Cp/t.  Namely,  when  the  flow 
is  all  normal  («  -  90°)  the  pressure  coefficient  oi>  the  windward  gener¬ 
ator  is  simply  the  stagnation  value  Cp«-  at  MN  =  Mm  sin  a  .  The 
c irc'iiTs fe ren*  sa I  ^iriitinn  ■«  « irn ply  t-sken  as  ccs^  up  to  -  90®  and 
zero  thereafter. 

CPN  =  CPS  ^N^oo  =  CPS  co82^  •lf)2a 

wke  re 

Cps  =  f(MN) 

Cross-Product  Component  Cp^ 

This  term  is  used  in  the  original  form 

Cpx  =  Kx*2sin®  cos®  sin  a  cu  <-  co*  ^ 

A  correlation  curve  for  Kx  was  derived  in  CP#792  by  consideration  of 
the  results  obtained  from  small  incidence  theory.  This  curve  is  appro- 
imated  in  the  Ma;k  IV  application  as 


whe  re 


and 


Kx  =  l  ,9S  +  0.07  •  cos  (X) 


X 


TT 

s in  6  cos  $ 


0 


CD 


I  18 
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Jones'  Formula 


Ac  alternate  method  for  obtaining  Cp  on  circular  cones  at  angle- 
rf -attack  has  been  presented  by  Jones  (Reference  29).  It  is  bated  on  a 
least  squares  curve  fit  to  the  extensive  tabulation  of  exact  numerical 
solutions  which  were  also  compiled  by  Jones  (Reference  20).  This 
method  is  eisy  to  use  and  has  been  ih  .wn  to  have  acceptable  accuracy 
relative  to  the  exact  solutions. 


where 


and 


a2t 

A  3 

CP = 

CPa  0  + 

A,T  +  IaT1  * 

Mqq^ 

1 

> 

O' 

H 

a6 

+ 

AiT  ♦ - x  4 

Woo' 

T  = 

isin  B  8 )  (cos  8  ) 

A,  = 

*  -  i  Al  roi 

Cl  1  l 

♦  ♦  *2.  co*  2  4 

(a/*) 


(a/0)2 


The  coefficients  B  and  a  .have  been  determined  by  a  parametric 
least  squares  fit. 

CfVa  -  o  **  obtained  using  the  tar  gent  rone  method  (impact  method  So.  Si. 


Compansor  with  Experiment 

Both  the  IV>u£?as  version  of  the  Cl5  #79t  r>;ethod  and  Jones’  formula 
have  been  compared  with  the  ten  experimental  cases  given  in  Reference 
28.  FtKir  of  these  cases  (two  plots  va  :.h)  arc  included  as  representative 
of  the  results  obtained.  On  Figures  -*3  to  31  ,  a  and  n  each,  com- 
P*  rioon  between  predicted  anil  experimental  pressure  coefficients  are 
given.  Each  figure  shows,  for  particular  values  of  cone  angle  and 
Mach  number,  pressure  coefficient  versus  circumference  angle  for  a 
range  of  angles  of  attack.  Ihe  predicted  results  of  CP  #792  are  indi¬ 
cated  by  full  lines  on  the  a -set  of  figures.  Jones'  results  are  given 
by  broken  lines  on  the  o-set  of  figures. 

Both  tneihods  are  in  good  agreement  with  the  data.  Jones'  formula  is 
much  better  or>  the  leeward  side  (e.  g.  ,  Figure  •" 9  (b)  >  and  C°#792  is 
better  o.i  \‘he  windward  side,  'ones'  formula  tv?  s  derived  fo:r  0  ;  23° 
and  relative  incidence  o/8  -  1.0  and  in  the  present  comparisons 
appears  to  extrapolate  reasonably  well  for  o/6  >  !.0.  The  CP  *792 
method  was  r.ot  intended  to  work  on  the  leewaro  s  j’  face,  but  ihe 
results  are  not  11  that  bad. 


1  ?9 


♦  (cleg) 


(b)  Jones'  Method 


F  igurc  48. 


Continued 


OH 


'J«c  a«  in  Element  lmpAct  Method 


As  an  ci errant  impact  method,  the  cone  anglu,  meridian  angle,  and 
angle  of  .tt*._-r.  arc  defined  ’oy  the  element  normal  and  the  velocity 
vector  av  .cilow*  (see  sketch). 


The  cone  *cmi-vcrtc«  angle,  6 ,  is  defined  as  the  angle  between  the 
surface  and  the  x  axis. 


6  -  arcsin  (N  •  i)  -  arcsin  (Nx) 


The  meridian  angle  and  angle  of  attack  have  to  be  defined  relative  to 
the  windward  plane.  The  meridian  angle  location  of  the  windward  plane 
is 


The  meridU'n  angle  of  the  element  itt 

d>e  =  arrtan  (-Ny/Nz) 

The  me  r  .  loin  angle  of  the  cone  relative  to  the  windward  plaue  is  then 

*  =  4e  ’ 

The  angle  of  attack  of  the  cone  in  the  windward  plane  is 

a  =  arcot  (-Vx) 
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The  Mark  |V  'program  uses  Jones'  Formula  as  the  inclined  cone  method 
for  both  impact  and  shadow  flows.  For  the  Second-Order  Shock,  Expan¬ 
sion  flow  field  and  pressure  option,  either  the  CF  4792  or  Jones  method 
can  be  uaed  by  use  of  an  input  flag. 

Van  Dyke  Unified  Method 

This  force  calculation  method  it  based  on  the  unified  supersooic -hyper¬ 
sonic  small  disturbance  theory  proposed  by  Van  Dyke  in  Reference  30 
as  applied  to  basic  hypersonic  similarity  results.  The  method  is  useful 
for  thin  profile  shapes  and  as  the  name  implies  extends  down  to  the 
supersonic  speed  region. 

The  similarity  equations  that  form  the  bat  is  of  this  method  derived 
by  manipulating  the  oblique  shock  relations  for  hypersonic  flow.  The 
basic  derivations  are  shown  on  pages  75  3  and  754  of  Reference  31 
The  result  obtained  for  a  compression  surface  under  the  assumption  of 
a  small  deflection  angle  and  latgc  Mach  number  is  (hypersoni"  similarity 
eq  nation'. 


where  the  hypersonic  similarity  parameter  given  Sy  Ml.  The 

contribute  by  Van  Dyke  in  Reference  10  suggests  that  this  relationship 
will  also  !  c  valid  in  the  realm  of  supersonic  linear  theory  if  the  hyper¬ 
sonic  simu»rity  parameter  >4$  is  replaced  by  the  unified  supersonic  - 

hypersonic  parameter  (  J  M2  -  1  )*.  This  latter  parameter  is  used  in 
the  calculat ions  for  this  force  option  in  the  arbitrary  body  program. 


A  similar  method  may  also  be  obtained  for  a  surface  in  expansion  flow 
with  no  leading  <  Ige  shock  such  as  on  the  upper  side  of  an  airfoil.  The 
resulting  equativ"  is 


H) 


2  Y 

>■  1 


-1 


where  again  H  is  taken  to  be 


^  M 2  -  l  )6 


in  the  unified  theory  approach. 


Shock-Expansion  Method 


This  force  calculation  method  is  based  on  classical  shock-expansion 
theory  (see  Reference  31).  In  this  method  the  surface  elements  are 
handled  in  a  "strip-theory''  manner.  The  characte ristico  of  fhe  first 
element  of  each  longitudinal  strip  of  elements  may  be  calculated  by 
oblique  shock  theory,  by  conical  flow  theory,  the  delta  wing  empirical 
method  or  by  a  Pran dll -Meyer  expansion.  Downstream  of  this  initial 
element  the  forces  are  calculated  by  a  Prandtl-Meyer  expansion. 
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By  a  proper  selection  of  the  element  orientation  the  method  may  be 
ueed  (or  both  wing -like  shapes  and  for  more  complex  body  chapes. 
In  this  latter  case  the  method  operates  in  a  hypersonic  shock  - 
expansion  theory  mode. 

Free  Molecular  Flow  Method 


At  very  high  altitudes  conventional  continuum  flow  theories  fail  and 
one  must  begin  to  consider  the  gcnc.al  macroscopic  mass,  force,  and 
energy  transfer  problem  at  the  body  surface.  Thin  condition  occurs 
when  the  air  is  sufficiently  rarefied  so  that  the  mean  free  path  of 
the  molecules  is  much  greater  than  a  characteristic  body  dimension. 
This  condition  is  known  as  free  molecular  flow  and  the  method  of 
analysis  selected  for  this  program  is  described  in  Reference  32. 
This  method  was  also  used  in  Reference  3  3.  The  equations  used 
were  taken  from  these  references  and  are  presented  below. 


Pressure  Coefficient 


C. 


)  1  r 2  ~  fn  .  -  fn  f  'l  b  1  -(S 

?([— s,mSiT  y-^J- 


sin  dr 


(2  -  fnMS2  sir.2 6  4  ~)  4  ^  \  /tr  ~  S  sin  6 


f  \R 


1 1  *  erf  (S  sin  6)] 


Shear  Force  Coefficient 


where 


S 

d 

Tb 

Too 

erf 


(cos  6)ft  J  .;s  sin  fl)2  +  S  sin  6 

'ITT  r 


[I  +  erf  (S  tin  6)] 


I 

1 


speed  ratio  =  \T y / 2 

normal  momentum  accommodation  coefficient  (-0.0 
for  Newtonian  and  =  1.0  for  completely  diffuse  reflection) 

impact  angle 

body  temperature,  °K 

frecstream  temperature,  °K 

2  xc  -x2 

error  function  erf  (x)  =  -  ■  •  |  e  dx 

yj  it  1 

tangential  momentum  accommodation  coefficient  (=0.0 
for  Newtonian  flow  and  1.0  for  completely  diffuse 
reflection) 


The  analysis  to  determine  the  direction  of  the  shear  force  is  discussed 
in  Section  VII. 


I i0 


The  final  component*  of  the  shear  force  in  the  vehicle  axis  system  are 
given  by 


SHEAR., 

=  (SMEAR;  (Sg) 

/ STOTAL 

SHEARy 

=  (SHEAR)  (Sy) 

/ STOTAL 

shearz 

r  (SHEAR)  (S2) 

/ STOTAL 

where 

SHEAR  is  the  shear  force  as  calculated  by  the  fre**  molecular  flow 
equations. 

*  ,  2  l\Ul 

STOTAL  =  (S^  *  Sy  «  S-T  j 

In  using  the  free  molecular  flow  method  the  abovr  analysis  must  be 
carried  out  over  the  entire  surface  of  the  shape  including  the  base, 
shadow  regions,  etc.  When  the  free  molecuiar  flov,  method  is 
selected,  it  is  used  for  both  impact  and  shadow  region. 

This  method  of  determining  the  shear  direction  is  also  used  for  the 
continuum  viscous  forces  discussed  in  Section  X.  The  plane  formed 
by  the  velocity  vector  and  ihe  surface  normal  is  referred  to  as  the 
velocity  plane,  since  both  the  incident  and  surface  velocity  are  in  this 
plane.  This  definition  is  correct  for  two-dimensional  flow,  however, 
it  is  only  an  approximation  to  the  shear  direction  in  the  general 
arbitrary-body  case. 

Hankcy  Flat -Surface  Empirical  Method 

This  method  use*  an  empirical  correlation  for  lower  surfac  •  pressures 
on  blunted  flat  olates.  The  method,  derived  in  Reference  3-*,  approxi¬ 
mates  tangent -wedge  at  low  impact  angles  and  approaches  Newtonian  at 
high  impact  angles.  The  pressure  coefficient  is  given  by 

Cp  :  1.  95  sin ^  6  ♦  C.  2  l  cos  6  sm  6 
Modified  Dahlem-Buck 

This  is  an  extended  form  of  the  Dahlem-Buck  method  derived  in  Refer¬ 
ence  3^.  The  original  method  uses  an  empirical  relationship  which 
approximates  tangent  cone  pressures  a:  low  impact  angles  and  approachet 
Newtonian  values  at  the  large  impact  angles.  The  original  equations  arc 

for  8  i  22. 5*  CpDB  =  [  J‘S/4  +  10  ]  #i”2* 

sir.  (4  6) 

for  5  >  22. S°  ^PDB  "  ^  5 
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11,  at  small  values  of  8,  the  bracketed  term  exceeds  5.0  it  is  set  at  S.O 


The  original  D»hle»n-But  Vc  method  has  been  shown  to  yield  good  agree¬ 
ment  (or  highly  swefK  shapes  at  large  hypersonic  Mach  numbers. 

The  modified  Dahlem-Buck  method  is  an  extension  by  its  originators  to 
lower  Mach  numbers  (see  Reference  37).  Jt  was  assumed  that  th‘t 
empiric*!  pressure  coefficient  would  be  affected  by  a  change  in  Mach 
number  in  the  same  way  as  the  pressure  coefficient  on  the  surface  of  a 
right  circular  cone  ia  affected  by  Mach  number.  Thus, 


CPMDB 


CPDB  * 


^Pconc  (M  <  2Qt 
C»*conc  (M  =  2t) 


-7/herc 


CPMDB 


is  the  modified  LVahlum-Buck  pressure  coefficient. 


The  dat*  o(  Reference  37  for  cone  half  angler  from  10  to  3C  degrees  wa<* 
analyzed  and  it  found  that  the  quantity  «^pcone  (M  <  20)/CPCone(M  =  20'>' '  ° 

could  be  graphed  as  a  straight  line  on  a  logarithmic  scale  for  the  mentioned 
cone  angles.  A  curve  fu  allowed  the  cone  pressure  coefficient  fraction  to 
be  analytically  defined  such  that, 

CPcone(M  <  20)  .  j  0  . 

CPconc(M  =  20) 

vhcre  *  is  unpact  angle  in  degrees  and 


a 


-n 


(6.0  -  O.JM^l  +  sin  ( 


fnfM^l  -  0.5S8 
T720 


;  1.15  *0.5  sin  ( 


/n(Mm)  -  0.*>  I  fc 


3.29 


») 
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Blast  Wave  Pressure  Increments 

This  method  uses  conventional  blast-wave  parameters  to  calculate  the 
•jve .* -pres sure  due  to  bluntness  effects.  Contributions  determined 

by  this  procedure  must  be  added  to  the  regular  invtscid  ore -.sure  forces 
(tangent -wedge,  tangent -cone.  Newtonian,  etc.  )  calculated  over  the 
same  vehicle  geometry.  The  specific  blast  wave  solutions  used  *r  the 
Program  were  derived  by  Lukasiewicz  in  Reference  3b; 


whe  re 


AM2 


1  2»j 

i  <Cn>u>  I  3  „ 

I  <x0  -  xi/d  |  •  - 


Cq  is  the  nose  drag  coefficient 
d  is  the  nose  diameter  or  thickness 
Xt  is  a  coordinate  reference  point 
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•ad  the  coefficient*  A,  B  «re 


Flow 

3  j 

A 

B 

Two-Dimonsional  j 

0  1 

1  0.121 

0.56 

Arisymmetric 

i 

|  0.06? 

0.44 

THE  STORED  PRESSURE  OPTION 

The  Stored  Pressure  Option  Card*  are  used  "when  the  vehicle  component 
force*  are  to  be  calculated  using  pressure  data  previously  stored  on  the 
Dow  field  data  unit  1C.  This  option  itray  be  used  in  several  way*.  Tor 
example,  the  force*  on  a  particular  component  may  be  calculated  using 
experimental  results  which  have  been  previously  stored  on  unit  10  by 
use  o i  the  Flow  Field  Data  Hand-Load  Option.  More  directly,  forces 
may  be  determined  using  the  data  generated  by  the  Shock -Expans ion 
Flew  Field  Option  and  stored  on  unit  10. 

In  cither  case,,  pressure  data  is  available  at  *  limited  numbe  -  of  dis¬ 
crete  locations  on  the  component.  The  function  of  the  Input  Pressure 
Option  is  to  obtair  the  value  of  pressure  at  the  centroid  of  each  element. 
This  is  accomplished  by  interpolation  using  the  Surface  Spline  Method 
and,  at  in  the  other  applications  of  this  method,  proper  normalisation  of 
the  coordinates  »»  required  to  obtain  meaningful  results.  The  forces  are 
calculated  by  summing  the  contributions  of  all  ihi  elements  ihai  make  up 
the  component.  A  detailed  discussion  of  the  Surface  Spline  and  the 
related  normalisation  procedure  can  be  found  in  Section  IV'. 

When  the  Siored  Pressure  Option  is  used  in  connection  witn  experimental 
procure  data  any  incorrect  or  spurious  data  should  be  removed  before¬ 
hand.  Data  of  this  type,  when  the  Surface  Spline  is  used,  can  yield  faulty 
pressure  interpolations.  The  resulting  errors  in  the  curve  fit  may  not 
he  confined  to  the  local  region  of  the  questionable  data  points.  Another 
important  point  to  be  considered  when  utilizieg  this  option  is  that  of  em¬ 
bedded  shocks.  Interpolation  across  strong  shock  boundaries  by  use  of 
the  Surface  Spline  is  not  recommended.  Each  major  flow  field  con  tailed 
on  a  surface  should  be  split  into  primary  and  secondary  (embedded  flows). 
Output  from  the  Sh^ck  Expansion  Flow  Field  Option  is  is  the  required 
form.  Any  experimental  data  inputs  must  also  be  of  the  same  form  if 
meaningful  interpolations  of  surface  data  arc  to  be  obtained. 
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SECTION  DC 


STREAMLINE  CALCULATIONS 


Id  steady  flow,  a  streamline  is  a  path  or  trajectory  of  a  fluid  particle. 

The  calculation  of  a  streamline  is  then  a  trajectory  problem  and  the 
classical  Ruoge-Kutta  method  may  be  used  to  jc!v«  the  defining  dif¬ 
ferential  equations  What  is  needed  are  definitions  of  the  body  and  its 
velocity  field  and  ir.  the  present  application  to  arbitrary  bodies  no 
convenient  analytical  forms  exist. 

The  approach  taken  in  the  Mark  IV  program  is  lo  use  the  Surface  Spline 
to  define  the  body  and  the  velocity  field.  This  is  the  key  to  the  whole 
method  and  in  effect  provides  the  necessary  analytical  forms.  The 
Surface  Spline  is  an  "interpolation-in-the-large"  scheme  and  should  not 
be  applied  indiscr iminantly  to  an  arbitrary  body.  Rather,  it  should  be 
used  it;  separate  applications  to  the  various  components  and  panels  that 
moke  up  the  vehicle.  This  is  analogous  with  the  basic  philosophy  of 
using  the  best  pressure  method  suitable  to  a  particular  panel.  In  addition, 
meaningful  results  from  the  Surface  Spline  can  only  be  obtained  by  us inb 
aporopriate  coordinates  with  suitable  normalization.  These  statements, 
while  distinctly  restrictive  in  tone,  a*-e  attended  only  to  convey  a  realistic 
perspective  of  the  program  capabilities. 

In  practice  the  calculations  arc  not  nea.-.y  so  restrictive,  as  several 
modes  of  coordinate  selection  and  normalization  are  automatically 
available  through  input  flags.  The  following  paragraphs  discuss  the  basic 
equations  and  present  results  verifying  the  general  approach  taken  in  the 
solution . 

Mathematically,  the  streamline  may  be  defined  as  follows: 


dx 

dt 


dz 

dt 


\ 


z 


where  V;  is  the  surface  velocity  component  in  she  i-direc'.ion.  These 
are  normally  calculated  in  the  FORCE  routine  and  assume  a  Newtonian 
impact  type  of  surface  velocity  (see  the  Surface  Velocity  Vector  dis¬ 
cussion  on  page  11  #  1.  Uiing  the  definition  of  the  total  velocity,  V-j^ds/dt, 
the  above  equations  may  be  re-written  ir.  terms  of  the  parrioe  path- 


dx 

d* 


dz 

ds 


C 
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where  Cj  ir  th<  direction  cosine  of  the  i-th  velocity  component. 

The  streamlines  are  calculated  by  specifying  an  increment  in  path.  As, 
and  marching  along  using  a  fourth-order  Runge-Kutta  scheme  to  solve  the 
differential  equations.  At  this  stage,  several  options  are  available  which 
are  more  or  less  dependent  on  the  lorm  of  both  the  body  definition  and  the 


iM 


Cj  field.  For  exunple,  all  three  coordinate*  could  be  solved  for 
|  independently.  While  a  streamline  will  be  found,  tuere  is  no  guarantee 

|  that  is  will  b«  ou  the  surface.  Thin  problem  has  been  experienced  by 

other  investigators  and  may  be  avoided  by  solving  the  equations  tn 
parametric  form.  That  is,  two  of  the  streamline  coordinates  (x,  y) 
are  found  using  Ruoge-Kutt*  and  the  third  is  obtained  as  a  function  of 
those  two  from  the  surface  definition,  z  -  F(x,  y).  This  is  equivalent 
i  to  solving  for  the  projection  of  the  streamline  path  in  the  x,  y  plane. 

Figure  52.  The  choice  of  independent  coordinates  (x,  y)  is  not 
arbitrary,  b  t  must  be  suitable  for  the  particular  panel  geometry  being 
considered.  For  example,  the  reference  coordinates  of  the  sketch 
;  would  not  be  appropriate  for  a  body  of  revolution.  The  obvious 

I  choice  in  this  case  would  be  cylindrical -polar  coordinates  (x,  r). 

,  This  also  satisfies  the  requirements  on  coordinates  necessary  to  use 

1  the  Surface  Spline  and  therefore,  fits  in  very  nicely. 

i 

|  In  general,  the  coordinates  used  in  obtaining  the  solution  will  not 

j  correspond  to  the  x,  y,  z  reference  and  it  is  appropriate  to  express 

[  the  differential  equations  in  a  slightly  more  general  form: 


! 


dXj 

-jr  ~  >  i  =  1, 2,  3 

The  Cj  are  now  interpreted  to  meaa  the  rate  of  change  of  i-th  coordinate 
along  the  path. 

This  distinction  esn  be  made  clear  by  digressing  for  a  moment  and 
explicitly  censidering  the  aforementioned  cylindrical -polar  coordinates. 
The  coordinates  and  components  of  the  velocity  vector  are  related  as 
follows  (see  sketch): 


x 


y 

z 


X 

r  sin<k 
-r  cos  ^ 


Vy  sin  4  -  cos 
Vy  co''  4'  t'j  sin  d 
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field  at  eleaent 
centroids 


Differentiating  the  coordinate  equations,  substituting  into  the  streamline 
equations  and  solving  in  terms  of  the  new  coordinates  gives: 


dx 

ds 

V_£  ,  c 

VT  "  '■'x 

&>  _ 

Vy  co»£  +  V£  sin^ 

,  Jt  -  I  = 

ds 

VTr 

r 

dr 

Vy  sin  ♦  -  Ve  cos$ 

„  = 

ds 

vT 

"  VT  “  r 

The  Cx  and  Cr  represent  the  direction  cosines  of  the  x  and  r  velocity 
components  but  the  Cf  is  the  direction  cosine  of  the  ^  velocity  component 
multiplied  by  1/r. 

Similarly,  any  scaling  required  in  normalizing  the  coordinates  can  be 
incorporated  in  the  definition  of  Cj.  For  example,  let  the  x  coordinate 
be  scaled  by  length  L: 


x 


xn 

=  L 

then 

<»*n 

»  Vr 

~dT 

~  L  Vi~. 

J. 

and  air..p!y  define 

Cx 

1  Vx 

=  r  vT  • 

The  purpose  of  all  this  is  to  keep  the  form  of  the  Rungc-Kutta  (  ,e.  ,  the 
streamline  solution)  independent  of  coordinate  choice.  The  importance  of 
this  statement  cannot  be  over  stressed.  It  allows  the  flexibility  necessary 
to  define  streamlines  on  an  arbitrary  body. 

The  Mark  IV  program  streamline  calculation  procedure  may  be  3unr  - 
manzed  as  follows: 

First,  the  velocity  field  on  the  body  is  calculated  (or 
input)  at  descrete  points.  Next,  the  Surface  Spline  is 
passed  through  these  points  to  provide  a  numerical 
definition  of  the  body  and  velocity  field.  Then,  the 
streamline  is  calculated  using  «v  fourth-order  Punge- 
Kutta  integration. 

This  procedure  has  been  compared  to  an  analytical  solution  to  check  its 
accuracy  and  the  re  suits  are  shown  in  Figure  53.  The  body  is  a  prolate 


Differentiating  (the  coordinate  equations,  substituting  into  the  streamline 
equations  and  solving  in  terms  of  the  new  coordinates  gives. 
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dd>  Vy  CO s$  +  VE  ain$  V*  #  1 

= - -  =  \^  7  5  C* 

dr  Vy  sin  4>  -  Vr  cos^  vr  „ 
ds  =  VT  ‘  VT  “  Cr 


f ne  Cj.  and  Cr  represent  the  direction  cosines  of  the  x  and  r  velocity 
component*  but  the  Cf  is  the  direction  cosine  of  the  velocity  component 
multiplied  by  1/r. 


Similarly,  any  scaling  required  in  normalizing  the  coordinates  can  be 
incorporated  in  the  definition  of  Cj.  For  example,  let  the  x  coordinate 
be  scaled  by  length  L: 


*n 

L 

then 

1  Vx 

ds 

'  L  VT 

and  simply  define 

Cx 

.  1  Vr. 

=  L  VT  * 

j  The  purpose  of  all  this  is  to  keep  the  form  of  the  Kunge-Kutta  (i.e.  ,  the 

streamli.*  e  solution)  independent  of  coordinate  choice.  The  importance  of 
this  statement  cannot  be  over  stressed.  It  allows  the  flexibility  necessary 
to  define  streamlines  on  an  arbitrary  body. 

The  Mark  IV  program  streamline  calculation  procedure  may  be  sum¬ 
marized  as  follows: 

First,  the  velocity  field  on  the  body  is  calculated  (or 
input)  at  de&crete  points.  Next,  the  Surface  Spline  is 
passed  through  these  points  to  provide  a  numerical 
definition  of  the  body  and  velocity  field.  Then,  the 
|  streamline  is  calculated  using  a  fourth-order  Hunge- 

f  Kutta  integration. 

This  procedure  ha.-  been  compared  to  an  analytical  solution  to  check  its 
'  accuracy  and  the  results  are  shown  in  Figure  53.  The  body  is  a  prolate 
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spheroid  And  the  (low  it  incompressible,  non -lilt trig  at  30  degree*  angle - 
of-att&ck.  Both  the  body  and  the  velocity  can  be  Mitred  analytically.  The 
Mark  IV  calculations  are  thowa  for  two  AS  increments  and  are  in  excellent 
agreement  with  the  analytical  solution.  The  Mark  IV  calculations  have  been 
made  both  forward  (+  AS)  and  backward.!  <-A:>)  and  trace  the  same  stream¬ 
line. 

In  addition,  the  calculations  were  done  both  in  the  three -variable  (x,y,z) 
form  and  in  the  two-variable  parametric  form.  There  is  no  perceptablo 
difference  in  the  results  of  4  versus  s  given  in  Figure  33  ,  however, 
the  three -variable  streamline  did  leave  the  sur'iec*  as  anticipated.  For 
the  present  case  this  deviation  from  the  surface  whs  very  email.  It  should 
be  noted  that  all  the  variiou*  Mark  IV  calculav.oos  sere  made  through  input 
flags. 
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SECTION  X 


VISCOUS  FORCE  CALCULATION  METHODS 


The  mot.  difficult  part  in  the  analysis  of  an  arbitrary  shape  is  the  calcu¬ 
lation  of  viscous  forces.  A  detailed  knowledge  of  the  local  properties  and 
the  flow  history  along  surface  streamlines  is  required.  This  combined 
with  the  natural  complexity  of  the  boundary -layer  equations  necessitates 
considerable  simplification  of  the  problem  before  solutiono  can  be  obtained. 
In  the  Mark  III  Hypersonic  Arbitrary  Body  program  a.n  engineering  approach 
was  used  in  calculating  viscous  forces  that  was  simple  yet  retained  the 
essential  characteristics  of  the  boundary  layer  problem.  No  attempt  was 
made  to  calculate  the  detailed  skip  friction  over  the  exact  arbitrary  shape 
used  for  the  inviscid  pressures.  Instead,  for  skin  friction  purpose;,  the 
vehicle  was  represented  by  a  simplified  geometry  model  composed  of  a 
small  number  of  flat  surfaces  on  each  of  which  the  shear  force  was  deter¬ 
mined. 

This  approach  was  considered  by  the  authors  to  he  quite  consistent  with  the 
state  of  boundary  layer  theories.  However,  some  users  obiected  to  this 
simple  appioacb  because  it  required  the  loading  of  another  geometry  deck 
in  addition  to  the  inviscid  pressure  geometry  model.  It  is  not  clear  just 
why  there  should  be  ar.  objection  to  loading  an  additional  20  or  30  elements 
after  as  many  as  K00  to  2000  have  been  loaded  for  the  inviscid  pressures. 

However,  the  simplified  skin  friction  geometry  model  approach  is  still 
recommended  as  being  the  most  economical  use  of  the  machine  resources. 
The  Mark  111  skir.  friction  capabilities  have,  therefore,  been  retained  in 
the  new  Mark  i'v  program,  although  they  have  been  expanded  slightly  to 
allow  a  larger  number  of  elements  to  be  analyzed  on  one  pass  into  the  skin 
friction  option.  Also,  the  local  properties  on  the  skin  friction  elements 
are  now  calculated  in  the  inviscid  portion  of  the  program  just  as  though 
they  were  inviscid  geometry  elements. 

However,  in  spite  of  the  above  comments  it  ts  recognized  that  some  types 
of  viscous  scudies  will  require  a  more  detailed  analysis  than  is  possible 
with  the  simplified  geometry  model  approacn.  To  cover  these  situations 
the  Mark  IV  program  also  has  a  new  alternate  vise  >us  analysis  method 
that  works  with  the  sarr.e  geometry  as  is  used  for  t  ie  inviscid  pressures. 

In  this  method  the  viscous  flow  is  calculated  using  an  integral  boundary 
layer  method.  The  computations  aie  made  aicr.-’  streamlines  calculated 
ov;r  th«  detailed  inviscid  pressure  geometry  model.  Once  the  skir. 
fr.cuon  is  calculated  along  these  streamlines  it  is  fit  with  the  surface 
spline  routines  and  the  skin  friction  coefficient  on  each  element  of  the 
detailed  geometry  model  determined  by  interpolation. 

The  integral  boundary  layer  method  does  not  calculate  the  surface  wall 
temperature.  However,  this  information  is  required  by  the  integral 
method  so  it  must  br  furnished  as  input  data  or  i;  can  be  calculated  bv 
calling  the  same  temperature  calculation  routine  used  by  the  simplified 
skin  friction  model  option  (old  Mark  JI1».  The  temperature  calculation 
routine  itself  calculates  a  sun  friction  coefficient  value  along  with  the  wall 
temperature  based  on  the  old  Mark  HI  methods  (i.c.,  reference  tempera¬ 
ture,  Spalding -Chi.  If  the  user  wishes,  this  skin  friction  coefficient 
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ctn  be  used  instead  of  that  calculated  by  the  integral  boundary  layer 
method.  Under  this  mode  of  operation  everything  is  handled  j  st  as  though 
the  integral  method  was  being  used  (i.  e.,  the  use  of  streamlines  on  the 
detailed  geometry  model,  element  skir.  friction  from  the  surface  spline 
interpolation,  etc.).  The  only  difference  is  that  after  the  temperature  and 
Mar  II!  skin  friction  are  calculated,  no  call  is  made  to  the  integral  pro- 
gram,  and  instead,  the  computations  proceed  with  the  skin  friction  coeffi¬ 
cients  out  o*  the  temperature  program. 

The  user  should  be  cautioned  that  the  methods  used  in  the  r.ew  viscous 
capabilities  of  the  Mark  IV  program  are  stilt  not  what  wc  would  call  a 
"three-dimensional"  boundary  layer  solution.  Although  computations  ate 
made  along  streamlines,  the  integral  boundary  lay; r  method  uued  at  the 
present  time  is  still  basically  a  two-dimensional  method  (cross  flow  pres¬ 
sure  gradients  are  not  accounted  for).  Later  veisiono  of  the  program  may 
include  streamline  divergence  effects  but  the  initially  released  program 
does  not.  Also,  in  the  first  release  of  the  Mark  IV  program  there  is  no 
capability  for  continuing  a  streamline  calculation  across  one  geometrv 
component  and  on  to  an  adjacent  component.  Therefore,  the  new  integral 
boundary  layer  method  should  be  restricted  to  relatively  well  behaved 
parts  of  a  vehicle  shape. 

The  Integral  Boundary  l.ayer  Method 

The  integral  boundary  layer  method  contained  in  the  viscous  part  of  the 
Mark  IV  program  is  essentially  the  same  program  as  presented  by  W.  D. 
McNally  in  NASA  TN  D-5681  (Reference  40).  A  major  modification  to 
the  McNally  program  was  required  to  remove  the  assumption  of  isentropic 
flow  implicitly  used  throughout  the  boundary  layer  equations.  Minor 
modifications  in  the  coding  have  also  been  made  to  improve  efficiency  and 
to  /educe  storage  requirements.  Thic  integral  boundary  layer  piogram 
is  well  documented  in  McNallys  report  so  the  development  of  the  equations, 
etc.,  will  not  be  duplicated  in  this  report.  Any  user  of  the  integral  method 
in  the  Marie  (V  program  should  obtain  a  copy  of  NASA  TN  D-S6S1  as 
supplementary  documentation. 

The  integral  boundary  layer  method  uses  Cohen  and  Reshotko's  method  for 
the  laminar  boundary  layer  calculations  (Reference  Al  ),  and  Sasmao  and 
Cresci'e  method  (Reference  )  lor  the  turbulent  boundary  layer.  The 
Schlichting -Wrich-Granville  method  (Reference  43-<»I>>is  used  to  predict  the 
transition  point  The  present  Mark  IV  program  does  not  calculate  transi¬ 
tional  flow  data  between  the  wholly  laminar  and  turbulent  conditions, 
however,  some  of  the  code  in  the  skin  friction  dare,  storage  part  of  the 
program  provides  facilities  for  inclusion  of  transitional  data  in  future 
program  additions. 

The  application  of  the  integral  boundary  layer  method  involves  the  use  of 
several  other  parts  of  the  program.  The  process  starts  with  the  analysis 
of  the  vehicle  component  in  the  inviscid  pressure  part  of  the  program. 
Subroutire  FORCE  calculates  the  local  flow  properties  on  each  element. 
Hieae  properties  (direction  cosines  of  the  surface  velocity  vector,  Mach 
number  and  local  pressure  and  temperature  ratios  to  freest  ream  condi¬ 
tions)  are  saved  on  the  Unit  4  geometry  data  storage  set  right  along  with 
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the  component  geometry  data.  It  is  then  necessary  to  enter  the  How-field 
option  and  to  have  the  surface  property  data  copied  onto  the  flow-  field  stor¬ 
age  Unit  10  by  the  Surface  Data  Transfer  option.  This  step  is  necessary  so 
that  the  data  will  be  in  the  proper  format  for  use  by  the  surface  spline 
routines . 

The  streamline  option  is  then  called.  It  is,  in  general,  not  possible  or 
desirable  to  try  to  calculate  streamlines  down  each  row-  of  geometry  ele¬ 
ments.  Instead,  streamlines  arc  only  calculated  so  as  to  properly  over 
the  inboard  and  outboard  entrcr.es  of  the  component  together  with  one  or 
more  interior  lines.  The  streamline  surface  trajectories  together  with  the 
associated  interpolated  local  surface  properties  along  them  are  stored 
back  on  the  How  field  data  Unit  10.  Only  after  all  of  the  above  steps  arc 
accomplished  can  we  call  the  viscous  part  of  the  program. 

In  the  viscous  part  of  the  program  input  parameters  are  used  to  retrieve 
selected  streamline  data  sets.  The  integral  boundary  layer  method  is 
applied  alor.g  each  of  these  strcaml.ncs  and  the  resulting  skin  friction 

•;ents  stored  back  on  the  How  field  storage  unit  right  with  the  st.eam- 


Wc  now  have  skin  friction  data  along  the  streamline  data  points  but  not  on 
the  actual  geometr v  quadrilateral  centroids  where  we  need  them  far  the 
force  integrations.  To  solve  this  problem  the  streamline  skin  fraction  data 
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found  at  each  of  the  element  centroids  by  interpolation. 


However,  to  accomplish  the  spline  surface  fit  and  interpolation  it  is  neces¬ 
sary  that  the  data  be  well  behaved.  That  is,  laminar,  transitional,  turbu¬ 
lent,  and  separated  flows  m'.ii  be  prepared  and  interpolated  as  separate 
sets  of  data.  The  bookkeeping  (pointers,  counters,  etc.)  neceisary  to  provide 
this  is  automatically  aecors.olished  within  the  main  integral  boundary  layer 
routine.  Because  of  these  features,  the  integral  boundary  la/er  method  is 
able  to  analyze  a  component  that  has  mixed  boundary  layer  types,  i.e., 
lanvnar  and  turbulent  flows.  Th^  simplified  skin  friction 'Model  using  the 
cld  Mam  I/I  methods  is  not  capable-  nf  this. 


However,  there  are  certain  thinga  in  the  Mark  III  skin  friction  option  that 
are  not  availab’e  in  the  integral  boundary  layer  method.  For  example,  the 
Mark  III  skin  friction  includes  viscous  induced  pressure  effects  on  the  skin 
friction  coefficient  and  the  integral  program  does  not. 


MarklllSkin  Friction  Option 

In  the  Mark  III  skin  friction  option  of  the  Mark  IV  program  an  engineering 
approach  has  been  selected  that  retains  the  essential  characteristics  of 
the  hypersonic  bounda  t  y  -  laye  r  problem.  No  attempt  is  made  to  calculate 
the  detailed  skin  friction  distribution  on  the  exact  arbitrary  shape,  but 
rather,  the  vehicle  is  represented  by  a  number  cl  flat  surfaces  on  each  of 
which  the  shear  lorce  is  determined. 


The  surface  streamlines  are  assumed  in  the  velocity  plane  and  the  flow 
history  is  approximated  by  the  inclusion  of  an  initial  surface.  The  shear 
force  is  determined  for  both  laminar  and  turbulent  flow  and  may  be 
summed  over  the  vehicle  for  either  type. 


Reference  temperature  and  reference  enthalpy  methods  are  available 
for  both  laminar  and  turbulent  flows  and,  in  addition,  the  Spalding- 
Chi  method  with  either  temperature  or  enthalpy  ratios  may  be  selected 
for  turbulent  calculations.  The  surface  temperature  may  be  either 
input  or  the  radiation  equilibrium  value  determined.  The  effect  of 
planform  shape,  leading  edge  viscous -interact:on,  and  the  viscous  forces 
on  blunt  bodies  ate  also  considered. 


Skin  Friction  Geometry  Model 

For  the  skin  friction  calculations  a  geometrically  complex  vehicle  is 
divided  into  a  number  of  plane  surfaces  in  a  manner  which  adequately 
approximates  the  true  shape.  Leading -edge  surfaces  and  local  curva¬ 
tures  are  omitted.  Regions  of  relatively  large  curvatures  can  be 
represented  by  using  a  greater  number  of  plane  surfaces.  The  degree 
to  which  this  is  done  will  depend  upon  the  complexity  of  the  actual 
.shape  and  experience  of  the  designer.  The  geometry  data  for  the 
•  kin-'riction  geometry  model  is  prepared  in  the  same  way  as  the  sur¬ 
face  clement  data  used  for  the  inviscid  pressure  calculations  and 
retain  their  relative  location  to  each  other  ar.d  to  the  flight  path.  This 
skin  fiiction  modeling  technique  is  best  describ’d  by  viewing,  for 
example,  a  typical  high  L/D  vehicle  shown  in  f  igure  54.  The  upper 
half  presents  the  skin -friction  representation  c'  the  vehicle  which  is 
to  be  contrasted  with  the  detailed  inviscid  geometry  given  in  the  lowe. 
h;vlf  of  the  figure.  As  used  in  the  Supersonic-Hypersonic  Arbitrary- Body 
Program,  the  skin  frictior  surfaces  are  referred  to  as  an  approximate 
representation  of  the  vehicle.  This  is  in  contrast  to  the  in/iscid 
geometry  which  for  all  practical  purposes  exactly  represents  the  vehicle. 


From  the  input  element  data,  the  surface  normal,  area,  and  area 
centroid  coordinates  are  calculated  In  addition,  maximum  chord  length, 
taper  ratio,  and  true  area  are  input  tor  each  surface.  The  latte'  may 
be  different  from  the  calculated  areas  since  curvatures  have  been 
neglected.  The  initial  surface,  specified  by  its  maximum  chord  length 
ar.d  taper  ratio,  is  assumed  to  be  in  the  plane  of  ihe  akin -friction  sur¬ 
face  and,  therefore,  the  flow  history  is  only  approximated.  The 
elen  ent  planform  effect  on  the  average  skin  friction  is  inc'uded,  how¬ 
ever,  and  is  discussed  separately  for  laminar  and  turbulent  flows  in 
later  sections.  The  shear  force  on  each  surface  is  assumed  to  act 
through  its  centroid  in  a  direction  on  the  surface  parallel  to  plane 
containing  the  su.  face  normal  and  the  free-strearr.  velocity  vector,  as 
described  ir.  Section  VU. 
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Local  Flow  Conditions 


The  required  local  properties  (pressure,  tcmperatire,  density,  and 
velocity)  for  use  in  calculating  the  viscous  ilows  for  both  the  integral 
boundary  layer  method  and  the  Mark  Al  method  arc  calculated  within 
the  inviscid  pressure  part  of  the  program.  That  is,  the  geometry 
over  which  the  viscous  flew  is  to  be  calculated  mud  first  be  analyzed 
just  as  though  it  were  regular  inviscid  geometry  data.  A  flag  in  the 
pressure  pa -t  of  the  program  controls  the  storage  of  the  required 
local  property  data  so  that  it  will  be  available  for  the  viscous  options. 


The  skin-friction  surfaces  ana  local  properties,  thus,  have  been  defined 
in  a  way  that  reduces  the  problem  of  calculating  the  viscous  forces  on 
a  complex  shape  to  one  of  solving  for  the  skin  friction  on  a  number  of 
constant -property  flat  plates. 


Incompressible  Flow 


The  basic  philosophy  behind  both  the  Spaloing-Chi  and  the  reference 


condition  methods  is  the  same  Namely,  that  the  suitably  transformed 

skin -friction  coefficient  if  given  l  \*  the  constant -property  or  incom¬ 
pressible  formulas  based  on  a  Reynolds  number  also  suitably  trar.s- 
for*-,<* d.  To  emphasize  the  point,  this  may  He  stated  another  wa>:  The 
compressible  skin -friction  is  given  by  the  ncomprcssible  forn  with 
appropriate  correction  factors  to  account  for  compressibility  effects. 
That  is , 

Ct '  Ct  JF c 

C'i  ' 

,  Kxt  =  FRx  Rx 

who  re 

Ct  = 

skin  friction  coefficient 

Rx 

Reynolds  number 

<  \  ’ 

indicates  incompressible 

(>6  = 

indicates  compressible 

The  incompressible  formulas  used  in  the  Hyperso'nc  A r bit  ra ry  -  Body 
Program  are  given  in  Table  5  and  the  compressibility  fact-rs,  Fc 
and  Fd»  are  discussed  below. 


Flow 

Sk*n  Friction  Coefficient,  f(Rxj) 

Source 

Local 

Ave  rage 

laminar 

0.  664/  y-Rxj 

1.  -2b/ 

Blasius 

Turbulent 

0.  G88  (log  Rxj  -  2.3686)  I 

0.  088 

! 

Siveils 

L  Payne 
(Ref.  65) 

(Rxj  >  f^Min^ 

[log  Rxj  -1.5]3 

[log  Rxj  -  1.5]“ 

F^Min 

2540 

0670 

1 

Tabic  5.  Incompressible  Skin- Friction  Coefficient  Formulas 


The  Sivells  and  Payne  formulas  have  singularities  occurring  at  low  Reynolds 
numbers,  ilnwaver,  both  occur  below  the  point  ai'  /hich  the  turbulent  values 
cross  the  respective  Blasiuc  laminar  curves.  Thtis,  the  turbulent  incom¬ 
pressible  skin-friction  coefficients  for  Rey  olds  numbers  equal  to  or  less 
than  Kjvlin  are  glven  by  the  corresponding  laminar  values. 


Compressible  Flow 

Reference  Temperature  a r.  Reference  Enthalpy  Method 


Fc  = 

Fr*  •  ~ 

c 


where  P  is  the  density,  *•  the  viscosity,  and  the  superscript  "v"  means 
evaluated  at  the  reference  temperature,  T~,  or  reference  en'lialpy,  IP', 


T  °  Tw  T«  a- 

ir-  =  (Al)  r  (A 2)  *  (1  -  Al  -  A Z) 

Ti  Ti 

L,c  u,  H  a  ir 

H7  1  <AU  h;-  T  (A2J  ~R7" T  (1  - Al  - AZ) 


The  value  of  the  coefficients  usea  are  due  to  Monaghan  (Reference  46)  for 
Prandll  number  equal  to  0.  71, 

Ai  =  0.  Sb<2  5 

A2  -  D.1676 


The  subscript  "W"  indicates  the  ♦all  value  and  subscript  "AW"  refers  to 
adiabatic  wail  conditions  given  by 


The  surface  equilibrium,  temperature  is  defined  when  QC(Tc)  =  QR(Tr) 
for  Tc  =  Tr.  The  tolu:<on  is  obtained  by  a  simple  linear  intercept  tech¬ 
nique  illustrated  m  the  sketch  and  explained  briefly  as  follows. 

Line* r  iclaiions  are  assumed  for  Soth  heating  rates 

QC  =  AC  f  (BCJT 

QR  =  AR  +  (BR)T 


The  four  coefficients  are  initialized  as  follows. 

1.  Assume  TCI  =  TR1  --  ICO  °R 

2.  Calculate  QC!  and  QR  i 

3.  Let  QR2  -  QCi  anu  calculate 

«*  ■  mr 

4.  If  TR2  >  TC2  -  Taw,  then  set 
TR2  -  TC2  and  calculate  new  QR2 


TEMFOATUK 


The  coefficients  may  now  be  readily  determined  and  the  result  of  the  linear 
solution  of  the  heat  balance  equation  is  simply 


T  =  (AC  -  AR )/ (BR  -  BC) 

The  convective  .\nd  radiation  heating  rates  are  thee,  calculated  at  this  tem- 
perature  and  checked  for  convergence: 

|  1  -  QCl/QRlI  -  EPST.  where  EPST  =  5.0  E-4 

If  the  criteria  is  not  sat>sfied  the  cycie  is  repeated  with  TCI  =  TR1  =  T, 
QR2  -  QC1,  and  TC2  TR2.  The  present  technique,  while  lacking  sophis¬ 
tication,  is  sc curate  and  quite  rapid.  Normally,  two  or  three  cycles  are 
required  for  .deal  gas  solutions  and  one  additional  cycle  for  real  gas  cases. 


Real  Gas  Effects 

It  is  felt  that  some  comments  are  in  order  with  regard  to  the  overall  pro¬ 
cedure.  Specifically,  what  is  the  correctness  or  justification  in  using  real 
gas  reference  enthalpy  viscous  solutions  when  the  local  inviscid  flow  has 
been  determined  only  for  a  calcncaliy  perfect  or  ideal  gas?  To  answer 
this  question,  an  extensive  comparison  of  laminar  boundary-layer  methods 
was  undertaken  in  support  of  an  earlier  study  and  the  details  are  reported 
in  Reference  47.  Briefly,  the  shin  friction  was  determined  for  the  flight 
conditions  of  the  matrix  given  in  Table  6  corresponding  to  the  surface 
equilibrium  temperatures  (emissivicy  =  0.81  at  the  one-foot  station  of  a  flat 
plate. 


Altitude 
(1000  Ft) 

Velocity  (1000  fps) 

8 

12 

16 

2u 

24 

28 

IOC 

X 

X 

X 

X 

- 

ISO 

- 

X 

X 

X 

\ 

- 

200 

- 

- 

X 

X 

V 

X 

250 

- 

* 

X 

X 

X 

Table  6.  Flight  Matrix  for  Skin  Friction  Calculations 
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Angle- of -attack,  variation  from  0°  to  40°  in  10°  increment*  and  five  bound¬ 
ary-layer  calculations  were  made  at  each  condition.  The  latter  correspond 
to  the  combination  of  three  boundary-layer  solutions  and  two  shock  wave 
solutions  for  ’ocai  properties  as  shown  in  Table  7  . 


Boundary  Layer 
Solution 

Local  Propet  ties 

Real 

Ideal 

Exact 

1 

- 

Refe  rence 
Enthalpy 

2 

3 

Refe  ren  ca 
Temperature 

4 

_ 

5 

. 

Table  7.  Boundary  Layer  Calculation? 


Alsu,  additional  calculations  were  made  at  the  flight  condition  of  20,000  fps, 
200,  000  feet  altitude,  and  wall  temperature  equal  to  2000°R. 

Methods  1  ,  2  ,  and  5  are  self-consistent  with  respect  to  the  assump¬ 

tions  made  and  are  regarded  as  normal  calculation  modes.  Methods  3 
and  4  are  inconsistent  in  the  assumptions  made  between  the  inviscid  and 
viscous  solutions  and  are  termed  mi'ed  calculation  modes.  The  free-stream 
properties  were  speci-ied  by  the  1962  U.S.  Standard  Atmosphere  and 
Sutherland's  viscc  iity  formula.  The  oblique  shock-wave  soIul. ons  are 
accurate  to  ^-significant  digits  in  the  inverse  density  ratio.  For  the  real 
gas  solution,  the  thermodynamic  properties  for  equilibrium  dissociating 
and  ionizing  air  were  obtained  by  the  method  in  Reference  4  8.  The  assumed 
ideal  gas  is  calorically  perfect  with  ratio  of  specific  heats  equal  to  1.  40. 


The  real  gas  variation  for  the  density- viscosity  product  in  the  viscous 
solutions  was  obtained  as  a  function  of  enthalpy  and  pressure  using  the 
polynommal  equations  given  in  Reference  4  9.  This  product  is  based  on 
the  most  recent  thermodynamic  data  of  Hilsenrath  (Reference  50)  and 
the  viscosity  calculations  oi  Hansen  (Reference  51).  The  prandtl  number 
was  assumed  equal  to  0.7i  for  all  the  methods. 
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Typical  results  of  the  comparison  are  shown  in  Figure  35  •  The  exact 
solutions  were  obtained  using  the  Douglas  Genera)  Laminar  Compressible 
Boundary -Layer  Program  as  described  in  Reference  49.  The  reference 
method  calc  ilations  shown  are  based  on  the  coefficient  values  of  Monaghan. 
These  were  telected  since  the  skin  friction  calculated  consistency  gave 
the  besi  agreement  with  the  exact  results.  Comparison  of  the  three  formu¬ 
lations  considered  —  Monaghan  (Reference  46 ),  Michel  (Reference  52)  and 
Eckert  (Refeience  53)  are  shown  in  Table  8  for  the  same  flight  conditions 
as  Figure  55.  Major  conclusions  of  the  comparison  are: 

1.  With  the  exception  of  possibly  ze>o  angle-of-attack  the  reference 
temperature  method,  using  existing  values  for  the  coefficients  A1 
and  A2.  is  inadequate  for  predicting  skin  friction  for  the  complete 
range  of  hypersonic  flight  conditions  considered. 

2.  The  real  gas,  reference  enthalpy  metnod  using  Monaghan's  formu¬ 
lation  adequately  predicts  the  laminar  skin  friction  over  the  complete 
flight  range  considered.  The  results,  however,  are  consistently 
about  3  to  5  percent  lower  than  the  exact  calculations 

3.  The  mixed  calculation  mode,  ideal  gas  invisc'd  —  real  gas  reference 
enthalpy  is  in  substantial  agreement  with  the  real  gas  reference  en¬ 
thalpy  calculation  up  to  30°  angle-of-attack. 


Referenc  <• 
Enthalpy 
Due  to 


Monaghan 


Angie  of  Attach  tn  Degrees 


0.247 


0.62  3 


10 


1 .056 


15 


1.445 


20 


1.753 


25 


30 


2.121 


45 


l.»5 


50 


1.590 


Mirhel 


0.2-* 


0.t,28 


1.062 


1.447 


1.7-4' 


1.53 


2.0c>7 


2.075 


1  768 


1.529 


Echiri  0  243  0  t.)3h  038  1.418  I.  ?.'  7  1  *26  2  042  2. 05b  1 . 7BB  ll .  5  3 


l,i  bit  8  .  C  >m  jj.t  r  is  or.  of  Re  l»  rime  Mt  tliojs.  V  Ju  s  oi  Cj  n  13  . 

(Altitude  -  200,003  Ft.,  VeJoc.ty  2  9,000  ip£  .  T  \\-  -  20CQOR ) 


On  the  basis  of  the  results  of  this  study,  the  rr.ixed-mode  ideal  gas  im  is  cid- 
real  gas  reference  enthalpy  calculation  has  been  included  in  the  Hypersonic 
Arbitrary  -  Body  Program.  The  real  gas  fluid  properties  of  air  are  determined 
by  the  procedures  described  in  detail  in  Reference  50.  Three  different  forravil 
are  used  to  3peci'\  the  viscosity.  At  very  low  temperatures  such  as  ra>ght 
experienced  in  a  high  speed  wind  tunnel  the  viscosity  is  found  from  "he 
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(S  J) 


r*w i 


Bromley -Wiike  results  (Reference  54).  In  the  Arbit  rary  -  Body  Program  these 
■ire  approximated  by  the  following  linear  relationship; 


For  T  i  225°R 

K  ^  0.  80383416  T  x  10'9 

ft2 


At  higher  temperatures  and  for  an  ideal  gas  the  Sutherland  viscosity 
formula  is  used  (Reference  23); 


For  T  >  22SOR 

P  r  2.27C 


>/2 


T  t  198.6 


x  10 


-8  lb  sec 
ft2 


For  real  gas  and  temperatures  greater  than  about  6000°R  Hansen’s 
viscosity  values  are  used  (Fefereree  31). 


Viscous  •  In  viscid  Interaction 

Under  conditions  of  low  Reynolds  number  and  high  Mach  number,  the 
mutual  .ntei action  of  the  boundary  layer  and  the  inviscid  flow  field  can 
have  a  large  effect  on  both  the  laminar  skin  friction  and  surface  pressure. 
Boundary-layer  displacement  effects  in  hypersonic  flow  over  ,la»  plates 
have  been  studied  at  length  (e.g.,  Reference  55)  and  the  present  approach 
is  limited  to  consideration  of  these  methods.  Basically,  a  pressure  :s 
induced  from  the  relatively  large  outward  streamline  deflection  caused  by 
the  thick  hypersonic  bouncia .  -  layer.  The  classical  approach  •  o  to  con¬ 
sider  an  effective  body,  mi.de  up*  of  the  actual  body  phis  :hc  boundary- >aye r 
displacement  thickness,  lr  a.,  iterative  solution  with  the  inviscid  flow. 

Inis  in  itself  is  an  approximation  and,  in  addition,  the  simplifying  assump¬ 
tions  of  hypersonic  viscous  similarity  are  usual),  employed.  *  his  pro¬ 
cedure  has  been  adopted  for  use  in  the  Arbitrary-Body  Program  and  a  brief 
background  and  development  of  the  final  equations  follow. 

Bertram  and  Blackstock  (Reference  56)  presented,  some  simple  procedures 
for  estirr,  ltmg  the  boundary  layer  induced  eff'Cts  on  pressure  and  skin 
friction.  These  involved  the  use  of  hypersonic-similarity-boundary-laye  r 
theory  so  utions  m  an  iterative  technique  with  the  nypersoruc  small-msturb- 
ance  tangent -wedge  pressure  equation.  The  analysis  showed  good  correlation 
with  experimental  data  for  surfaces  at  nearly  zero  degrees  incidence  to 
the  f ret* -stream.  White  (Reference  57}  extended  the  theory  of  Bertram  and 
Blackstock  to  include  the  effect  of  angle  of  attack  and  presented  a  direct 
method  for  solving  the  problem  v. uhout  requiring  iterations.  White  used 
hypersonic  small  disturbance  expressions  ior  both  compression  ami  ex¬ 
pansion  fl.»ws  and  mtioduced  a  new  interact. on  parameter  to  correlate  the 
wail  'cniyvidiire  effect.  Recently,  Bertram  (Reference  5k)  lias  presented 
more  e'aborate  solution^  for  the  problem  employing  the  techniques  of  While. 
Lmplic.t  to  all  these  solutions  is  the  assumption  of  a  caloncaHy  perfect  gar- 
and  a  Prandtl  number  of  unity. 
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White's  solution  has  been  used  in  the  present  analysis  because  o f  the  rela¬ 
tive.  simplicity  m  its  applicat.or .  His  numerical  results  showed  the  local 
pressure  to  be  nearly  a  linear  Junction  o!  the  iteraction  parameter, 


who  re 


and 


P  =  P()  11  t  B) 


B  - 

h  = 


/HTj 


The  quant. ly  C  is  a  simple  function  of  wall  temperature  and  specific  neat, 
C  is  the  Chop-nar-Rubesin  viscosity  coefficient,  and  j  is  the  Mangier 
transformation  parameter:  tv  o-dimens  tonal  flow,  j  -  0,  ajiially-syimiiet  r.c 
flow,  j  =  1. 

In  the  aboi e  equations,  P  is  the  local  pressure  to  free-stream  pressure 
ratio,  and  the  subscript  "o'*  refers  to  the  tnviscid  value  obtained  from.  the 
hypersonic  small-Qisturbance  relations. 

Bertram's  (Reference  56)  correlation  for  local  skin  friction  coefficient  is 

C,  0.1*61  K,  (££}''" 

a  he  Ki  is  a  pressure  gradient  and  wall  temperature  correction  factor. 
The  sheai  on  live  surface  >s 


W 


dA 


In  the  pi-escnt  analysis,  the  approach  taken  i;  t'»  determine  the  effect  or 
factor  due  to  viscous -ime raction  using  White  s  method  and  then  to  modify 
the  previous  resume  without  interaction  accordingly.  This  viscous-inter¬ 
action  factor,  Kyj,  is  obtained  by  carrying  out  the  integration  or  the  pre¬ 
ceding  equation  and  is  defined  a:  follows, 


•'VI 


(TwKi 


w 


/I  ♦  »cr'  *  BCr  log, 


!  ,A  -T 


Bc> 


+  I  * 

_  \ 


I  /Bcr  i 


I  74 


1 


where  BCf  is  based  on  the  rcot-chord  and  Kj  has  been  assumed  equal  to 
one.  This  expression  is  lor  a  plate  with  taper  ratio  one.  but  the  integration 
could  have  been  done  for  an  arbitrary  value  (e.  g..  Reference  59).  In  the 
present  application  the  pianform  effects  are  included  ui  the  shear  force 
without  interaction,  This  application  results  in  a  slightly  lower  factor 

but  has  the  advantage  of  permitting  a  step-by-step  build  i  p  and  comparison 
of  the  overall  viscous  forces.  The  magnitude  of  the  skin-friction  correction 
factor  using  the  above  techniques  is  shown  in  Figure  56 . 

The  induced  pressure  on  a  surface  is  determined  as  an  increment  in  pres¬ 
sure  coefficient. 


The  average  pressure  increment,  P  -  i^  ,  is  found  by  summing  the  local 
pressure  distribution  over  the  suriace. 


p-  P0  --  x  /  V  ** 


Substituting  the  expression  fo”  local  prtssure  ana  integrating  gives 


P  -  P0  -  ^mXcr 

The  d.C„  due  to  induced  pressure  is  determined  for  the  skin-friction  geo¬ 
metry  representation  of  the  vehicle  shape  and  effects  due  to  the  pianform 
shape  and  due  to  the  initial  surface  are  discussed  m  tne  next  section. 

The  basic  hypersonic  small-d'Sturbance  relations  lor  calculating  pressure 
a  re : 

For  comp  ression  flow  ;K  s  0)  ^  ^ 

P  -  !  .-.(iri)K2  4  ’  K  j  I ,  (2£ L  Kfj 

For  expansion  flow  (-  2/(7  -  1)  i  K  i  l>) 


P 


[‘ 


7-  l 

*  ~r 


zy/o  -i) 


The  similarity  parameter,  K.  is  given  by, 


K 


X 

IP 


17S 


MACM-lt 

ANOU  Of  ATTACK  •  tr 
UMOIM  *  M  fT. 
lAMMAft  flOW 


where  Kc  =  M^sinl  (i  is  the  surface  impact  angle)  and  K4,  a  boundar>- 
layer  growth  parameter,  is  taken  equal  to  1.  0, 


White  (Reference  5?)  observed  that  the  pressure  equation  (either  compres¬ 
sion  or  expansion)  and  the  expression  for  K  constituted  a  fir  s'.-order 
nonlinear  deferential  equation  m  P(  xl  and  obtained  numerical  solutions 
directly  without  iteration.  The  results  are  shown  in  Table  9  from  which 
White  also  observed  that  the  pressure  could  be  approximated  by  the  linear 
relationship 

P  =  PQ  *  rr»x 

where  pQ  and  the  slope  parameter,  m,  are  just  functions  •,(  K0.  Fb  is 

given  by  the  hypersonic  similarity  relations  as  a  function  of  Kc  and,  in 
the  Arbitrary-Body  Program,  rr.  is  approximated  to  the  data  of  Table  9 
by  the  following  analytical  curves: 


J'o ' 


For 


•  i'Cr  -  1)  i  K<)<  -3.0, 

m  =  1. 424  t  0.  21  ^  K, 


Ko  >  -3.0. 


+i5o  f  0.4172?  K.  -  0.C41 7»01  K,v^ 

SJ  v 


-  0.010427  K  ■ i  -r  0.00214381  K  4  -  0.000103217 


For 


K.,  >  10.0, 


m  =  (2  y  /(  y  4  i )] 


.1/2 
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-  Kc 
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-3 
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Table  9.  Numerical  Solutions  for  Pressure  Ratio  P  (y  -  !.4) 


Planform  Effects 

The  prec  ious  sections  have  dealt  with  the  determination  of  the  local  skm- 
friciion  coefficient  or  the  average  skin -f notion  coefficient  per  unit  span. 

In  this  section,  the  determination  of  the  viscous  force  contribution  of  a 
surface  element  having  a  planform  shape  of  the  type  shown  in  the  sketch 
below  is  considered.  Irt  the  derivations  that  follow  it  is  implicitly  assumed 
that  the  root  and  tip  chords  are  parallel  to  the  oncoming  flow. 


C, 


The  product  of  lc^al  skm-friction  coefficient 
(q  )  is  integrated  over  the  surface  area  (A) 


(Ci.)  and  dynamic  pressure 
to  obtain  th*»  shear  force. 


T 


w 


dA 


(The  symbol  T  is  custom«i  r  1 1  y  used  tj  define  shear  stress,  however  in 
the  present  re>:l  it  is  used  consistently  as  a  force.  This  is  done  to  avoid 
the  unneccssaiy  use  of  area  ratios  in  the  defining  equations  and  at  the  sum< 
time  retain  t.tic  significant  connotation  associated  with  the  symbol.) 

The-  shear  force  on  each  surface  is  then  written  as  a  coefficient  with  re¬ 
sted  to  the  tree-stream  dynamic  pressure  (q  )  and  a  specified  reference 
arc j.  (S),  rw 

C1  =  T - 

*  T  q*s 

to  obtain  the  vehicle  characteristics  due  to 
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and  summed  over  all  surfac 
viscous  forces. 


Umitur  Shear  Force 


The  local  properties  are  constant  on  each  surface  and  the  above  expression 
be  comeii  . 

b  c  -  - 

Tw  s  qi  {Cif]cT  c*  J  f  f  (x)  **  |  d* 

O^O  ' 


where  the  surface  has  roof  cho-d  cr.  span  b,  and  (Cp.  )c  is  evaluated  at 
the  toot  chord.  The  local  chord  length  may  be  expre3sea  as 

c  -•  cr  [•  -  <1  -  TR)t] 


where  TR  is  the  taper  ratio  (-  ct/cr)  and  e  is  the  normalized  span 
dimension  ( -  y/b).  Substituting  thin  expression  and  completing  the  inte¬ 
gration  gives  the  shear  force  on  the  surface  as 


.  ^  »  4  f  1  ♦  TR  +  /tr 

rVV  '  ? - 7=“ 

*  *  °T  I.  (1  ♦  TR)(1  +  v/TRlJ 


in 


eva*u 


«>cr 

ated  at  fn-* 


1 _ _ _ _ 

irn^a.-ave  t 


root-choM. 


Ir.  the  Arbitrary-Body  Program  the  shear  force  is  expressed  in  terms  of 
an  average  chord  length,  c  ; 

rw  =  q,  A<CFj)- 

whe  re  2 

;  .  cr  h  1} 

f  L(l  r  TR1(1  +  /TR)  J  ) 

Vis  ecus -Interaction 

As  was  explained  in  the  previous  section,  the  effect  of  planform  on  the 
shear  force  13  not  determined  directly  ioi  flows  with  viscous-interaction 
but  is  included  in  the  calculation  of  shear  force  without  interaction.  This 
procedure  results  in  a  slightly  lower  force  but  has  the  advantage  of  per- 
mittuig  a  step-by-step  buiid-up  and  comparison  of  the  overall  viscous 
forces.  There  is,  however,  an  additional  effect  on  the  induced  pressure 
due  to  planform  sliape  which  is  accounted  for. 

The  average  pressure  is  obtained  by  integrating  the  local  pressure  over 
the  surface: 
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1 

1 


/{/ 

n  '  a 


P  dx  >  dy 


1  ,  c  /  c 


c  rb  C  )  1  J 

=  “a~  J  I  j  (Po  +  '"x'r(  )<Ujd, 

O  J 


where  l  =  x/cr,  the  normalized  strean-.w^c  coordinate. 


Substituting  the  expressions  tor 


A  =  — (1  t  TR) 

2 


c/cr  =  i  -  (1  -  TR), 


the  integration  is  tasily  completed.  The  result  is 

r  ~ .1  1 

^  -  r,  :  .  *  D  *  ■*  IK*  v/  I  K  I 

~  ro  ‘  1  Bcr - - 7~=— 

(1  i  TR)(l  -r  V/TR) 


w  he  re 


q  _  v 

-1'  _  Pi  r 


Ti:e  average  pressure  increment  (or  the  surface  is  then 


p  .  P  =  -  n.X  h  TH-  v'TR 

A  o  3  '  r - — — 

(1  t  TR )( !  +  /TH). 


which  'or  TR  -  .•  reduc  -s  to  the  value  previously  given. 


Turbulent  St'.ear  Force 

Because  of  the  nature  of  the  assumed  skin~i  riction  formulas,  a  differ*,  ~.t 
approach  than  used  for  laminar  flow  i.-.  taken  to  obtain  the  turbulent  tT  n 
force.  The  end  result,  however,  is  an  approximate  solution  which  ’.s  'ery 
similar  to  the  laminar  result.  Tlic  shear  force  equation  is  derived  is 
follows. 


w 


/« 


q4  Cft  dA 


=  qab 


1 

^  c  Cp^  dn 
o 


The  variable  of  integration  is  transformed  to  the  local  chord-length  Reynolds 
number  in  two  steps.  First  in  terms  of  the  chord  length  c, 

i 


f  C  Cf4 

rw  =:  <i4  b  J 


tet 


dc 


Next,  the  variable  of  integration  is  transformed  to  the  incompressible 

and  normalized  with  respect  to  root- 

_  q,bcr  (CF<)Cr  1 


ixcAi)  uic  vaitauic  aiu/u  to  u 

/ pUc  \ 

Reynolds  number,  Rcj  =  Tftx  I - I, 

chord  values;  p  b 


W 


(1  -  TR) 


crb  /  Ctr  \ 

Noting  that  the  surface  area  is  A  =  -« —  (1+  TR),  and  also  thatl-^; — 1 
/  Cp  \  2  \cFcr/. 

It* - I  ,  the  shear  equation  becomes  ® 

\%/i 

'  A  M\  1  1  1 


With  a  simple  power-law  skin-fi  iction  formula  this  equation  is  easily 
evaluated; 


1 


and 


where  N  is  positive 
1  1-  1 


V.qjA,CFl)cr(_^)/(H|_) 
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For  laminar  flow  N  =  2  and  it  is  easily  verified  that  this  expression  is 
identical  to  the  one  previously  presented. 

In  general,  the  skin-friction  coefficient  is  not  given  by  a  simple  power-lav/ 
relationship  and  this  is  the  reason  for  deriving  the  turbulent  shear  with  the 
Reynolds  number  as  the  independent  variable. 

The  use  of  the  Sivells  and  Payne  formula  in  the  shear  equation  introduces 
a  singularity  in  the  integrand  and  the  function  is  nonintegrable.  However, 
this  singularity  occurs  at  a  Reynolds  number  much  below  the  laminar  cutoff 
and  the  shear  equation  may  be  integrated  numerically.  Several  examples 
for  the  numerically  determined  integrand  are  shown  in  Figure  57.  The 
upper-bound  represented  by  laminar  flow  and  a  lower-bound  represented  by 
constant  skin-friction  are  also  shown.  The  curves  are  smooth  and  the  area 
under  each  curve  times  the  quantity  2/(1  -  TR^>  is  the  factor  by  which  the 
shear  increases  due  to  a  tapered  planforrn. 

It  may  be  observed  from  Figure  57,  that  even  with  a  large  variation  of 
Reynolds  number  on  the  planforrn  (for  exa.mDle,  Rcr  =  30^  to  zero  at  the 
tip),  the  major  contribution  to  the  integral  is  obtained  over  the  first  decade 
(Rc/Rcr  =  1.0  to  U.l).  In  the  case  of  the  upper-bound  (laminar  flow)  and  the 
lower-bound  (N  =°°)  this  contribution  is  97  and  99  perceni,  respectively. 
This  then,  suggested  the  approximate  approach  of  representing  the  Sivells 
and  Payne  formula  in  the  integrand  over  the  entire  Reynolds  number  range 
by  a  local  power-law  fit  obtained  as  the  average  over  the  first  decade. 

Thus,  the  shear  on  the  surface  is  obtained  from  the  power-law  solution 
with  the  exponent  parameter,  N,  given  as  (foi  Sivells  and  Payne); 

log  Rcr  -  Z 

N  =  — - — — - 

0.8686 


Alternately,  as  was  dune  for  laminar  flow,  the  shear  force  may  be  expressed 
ir>  terms  of  an  average  chord,  c; 

TW  =  %  a(cf4)£ 

where 
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INTEGRAND, 


■aw  -v  v»>  ir4*.  *»••«.-> 


jjiitial  Surface  Correction  to  Shear  Force 

When  an  initial  surface  is  specified,  the  shear  force  is  determined  for  the 
combined  surface  geometry,  for  the  initial  surface,  anc  the  difference 
obtained  as  the  value  for  the  surface  of  interest.  This  in  effect  is  dealing 
with  three  surfaces  which  have  the  following  characteristics  (see  sketch 
below): 


L  Initial  surface;  Area  A^,  maximum  chord  length  by,  taper  ratio 
TRj,  and  shear  fores 

2.  Surface  of  interest;  Area  A >,  maximum  chord  length  bz,  taper 
ratio  TR2;  and  shear  force  Tyy^. 

3.  Combined  surface.  Area  A3  =  A]  +  A2,  maximum  chord  length  I_3, 
taper  ratio  TR3,  and  shear  force  ^*W3* 


The  shear  force  on  surface  2  is 


rW2  =  rW3  -  TW1 

{  Aj  f (CF  KVI)  1 

=  a2  (CFj  KVi)3  jl  -  jrz  (CF  Kvi)3  '  M  ( 


In  the  Arbitrary- Body  Program  this  is  compacted  to  the  form 


rw2  ■-  A2  (Cj?'4  KVi)  j  (1  -  FF) 


where  FF  has  the  mnemonic  form  factor  or  friction  factor.  Three  possi¬ 
bilities  are  considered  in  determining  the  friction  factor:  (\)  both  surfaces 
laminar,  (2)  first  surface  laminar  and  second  surface  turbulent,  and  (3) 
both  surfaces  turbulent. 


1 
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Initial  Surface  Correction  to  Induced  Pressure 

The  average  pressure  on  surface  2  is  defined  as  follows: 


£2  =  =  P3  a3  -  P1  A; 

A2  a2  a2 


vher^  it'  the  force  on  surface  i.  The  average  pressures  on  the  initial 
surface  and  on  the  combined  surface  are  given  by 


and  the  areas  by 

A1  = 
A2  = 

A3  = 


1  +  TRj  +  v/TRj  *1  1 
U  +  TRiHl  v  x/tRi)J  ) 


8  ^  1  +  tr3+  /TR3  ^ 

1  3  111  +  TR3)(1  +/tr3)J  J 

bLj  (1  +  TRX)/  2 
bL2{l  +  TR2)/2 
bL3(l  +  TR3)/2 


Substituting  these  expressions  into  the  above  definition  and  after  some 
algebraic  manipulation  the  result  may  be  written  as 


prpoimM 


y  i+tr3  +/tF3  *]  j 

/Li^/l+TRx+N/TRi  X 

a+/tr‘3\  ) 

^(l+TRzMi+t/ri-lJ  ( 

\  1+TR 3+\TtR  J 

\1 +\Ttr  J  ) 

The  length  L.3  is  defined  as  the  maximum  chord  length  of  the  combined  sur¬ 
face,  so  as  L,j~ ►O  *t  is  readily  verified  that  the  pressure  reduces  to  the 
same  expression  previously  given  for  a  single,  tapered  plate. 


Viscous  Force  or  Blunt  Bodies 

The  earliest  space  capsules  were  designed  with  large  spherical  nose 
caps  and  flew  ballistically  »*•  zero  degrees  angle  of  attack.  F or  such 
vehicles,  it  was  found  that  inviscid  flow  field  calculations  were  ade¬ 
quate  to  predict  the  splash  poin,\  The  later  generation  capsules  were 
designed  Jo  fly  at  angle  of  attack  to  provide  lift  and  it  has  been  shown 
that  viscous  forces  can  have  a  significant  effect  on  predicting  the 
splash  point.  The  theoretical  solution,  then,  must  provide  some  means 
for  estimating  the  viscous  effect. 


185 


The  procedure  included  in  the  Arbitrary- Body  Program  i;i  that  developed 
by  Goldberg  of  the  General  Electric  Company  (References  60  and  61  ). 
This  method  is  given  in  the  form  of  i  elatively  simple  correlation  formulas 
in  terms  of  the  shock-layer  Reynolds  .minber  and  inverse  density  ratio. 

The  method  is  applicable  to  the  low  density  conditions  associated  with  high 
altitude  entry  and  is  equally  suited  to  real  gas  or  ideal  gas  analysis. 

The  shear  force  in  the  stagnation  region  of  a  blunt-faced  body  is  given  as 


rriV  -  TW0  Kvi 


where  the  shear  without  low  density  or  viscous-interation  effects  is 


Tw  =  qmA  2  cos  6 

°  (i  -  °- 4'vV*')/r~s 


and 


6  is  the  surface  impact  angle, 

€  is  the  inverse  density  ratio,  =  (P^/Rd) 
Re„  is  the  shock  Reynolds  number 
-  /’z  U2Rb/.ui. 

Kg  is  the  body  nose  radius. 


The  viscous -interaction  correction  factor,  Kyi  =  Tw/ TW0,  was  obtained 
from  higher-order  analysis  of  the  boundary-layer  flow  (Reference  60  ). 
The  present  authors  have  developed  a  correlation  formula  to  represent 
these  solutions  in  the  Arbitrary- Body  Program.  This  factor,  a  compli¬ 
cated  function  of  both  shock  Reynolds  number  and  density  ratio,  has  been 
approximated  by  a  combination  of  exponential  transition  functions  of  the 
type  described  by  Orabau  (Reference  62  ).  These  are 

.  .  1 

even  trac c-mon:  y  =  -1 - - ** — t — 

7  1  -  exp  R(a  -  X^) 


odd  transition:  y 


1 

1  +  exp"  K(X  -  XQ) 


These  functions  arc  essentially  the  kernels  for  the  Bose-Einstein  and  for 
the  Fermi-Dirac  distribution  functions,  respectively,  for  the  even  and  the 
odd  transit- ons.  The  notation  of  transition  is  used  since  these  functions 
represent  Vic  smooth  transition  from  one  asymptote  to  another;  the  even 
case  docs  not  have  a  point  of  inflection  and  the  odd  transition  has  a  point 
of  inflection. 
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In  the  present  application,  a  correlation  formula  for  the  viscous -inter¬ 
action  parameter  has  been  obtained  by  s  combination  of  an  even  and  odd 
transition  function.  The  curve  is  considered  to  have  three  asymptotes 
(see  the  sketch  below);  Yl,  FI,  and  FT  First  an  even  transition  is 
determined  for  the  curve  between  FI  and  F2  and  this  is  designated  Y2. 
Next,  an  odd  transition  is  established  between  Yl  and  Y 2.  The  curves 
are  adjusted  through  the  values  specified  for  the  exponential  constants, 

K,  and  the  origin  coordinates,  X0-  Details  of  this  procedure  are  given 
in  Reference  62  . 


The  correlation  formulas  developed  for  the  present  case  are  as  follows. 


Independent  variable  X  =  log  (€^F-ea) 

FI  =  A1  +  Bl(X) 

A1  -  0.667 
B1  =  1.1111 

F2  =  1,0 

Yl  =  0.0 
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Y2  =  FI  + _ a-0_--Jri) - 

1.0  -  ol^TEVK  (X  -  XOfiTJ] 

EVK  =  -  1  80 

XOEV  =  -0.3 


%/7Vfc  , - -- - — 

i.O  +  exp  [ODK  (X  -  XOOD)] 

ODK  =  -2.0 

XOOD  =  AOD  +  BOD  ( lop  f  ) 

AOD  =  1.0 
BOD  -  3.2907 


Comparison  of  this  correlation  and  the  boundary-layer  solutions  are 
shown  in  Figure  38.  The  general  shape  of  the  curves  is  well  repre¬ 
sented  by  the  correlation,  allhough  some  accuracy  is  lost,  particularity 
at  the  peak  of  the  €  =  0.04  curve.  It  would  be  possible  to  tailor-fit 
each  of  the  € -curves  through  further  variation  in  FI,  the  exponential 
constants  and  origin  coordinates.  However,  since  only  three  solutions 
were  available,  the  determination  of  more  accurate  fits  was  not  deemed 
justified.  Three  additional  6 -curves  are  given  on  the  figure  to  demon¬ 
strate  the  behavior  of  the  correlation  formula. 

An  example  of  this  technique  is  shown  in  Figure  59  were  the  predicted 
values  of  lift  coefficient  for  ;hc  Gen. ini  space  capsule  are  compared 
with  experimental  results  (Reference  63).  The  modified  Newtonian 
calculation  has  been  performed  for  the  entire  shape  and  the  viscous 
calculations  (broken  lines)  made  only  for  the  blunt  face.  The  present 
comparison,  due  to  the  limited  data  used,  may  not  completely  justify 
the  method,  but  it  does  show  the  significance  of  the  viscous  contributions. 

The  biunt-body  viscous  calculations  arc  not  limited  to  entry  capsules 
but  may  be  applied  to  any  blunt  portions  of  a  vehicle  (e.  g.  ,  leading 
edges)-  The  method  is  primarily  dependent  on  impact  angle  and,  there¬ 
fore,  the  detailed  inviscid  geometry  is  used.  It  is  for  this  reason  that 
the  method  has  been  included  as  one  of  the  inviscid  force  options.  Zero 
contribution  is  assumed  for  shadow  flow. 
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Figure  59.  Cicmini  Lift  Coefficient  Comparis 


SECTION  XI 


AUXILIARY  ROUTINES 


The  Auxiliary  Routines  option  of  the  program  is  provided  to  house  features 
that  are  rot  directly  related  to  one  of  the  other  major  program  components. 
In  fhe  initial  release  of  the  ivlark  IV  program  it  contains  only  the  General 
Cutting  Plane  option. 

General  Cutting  Plane  Option 

The  General  Cutting  Plane  option  may  be  used  to  determine  the  section 
shape  of  an  arbitrary  vody  in  any  desired  plane.  This  capability  is  some¬ 
times  useful  in  tne  geometry  preparation  stage  of  a  problem.  In  this 
application  it  can  be  used  to  help  define  the  intersection  line  between 
intersecting  vehicle  panels.  The  cutting  plane  is  orientated  so  as  to 
represent  one  of  the  panels  (or  elements).  Its  intersection  with  the  other 
panel  is  then  determined  with  the  General  Cutting  Plane  option.  This 
information  can  then  be  used  to  assist  in  preparation  of  the  geometry  data 
•c  be  input  in  the  geometry  part  of  the  program. 

Orientation  of  the  Cutting  Plane 

Initially  the  cutting  plane  is  assumed  to  be  in  the  x-z  plane  with  its  position 
specified  by  three  .mutually  perpendicular  orientation  vectors;  Tj,  T2.  T3 
coincident  with  i,  j,  k,  respectively. 


The  orientation  of  the  plane  is  given  by  three  rotations  in  a  yaw-pitch -roll 
sequence  (1 p,  6,  <}>)  and  by  a  final  offset  rotation  (3.  Angle  1//  is  a  rotation 
about  T3,  angle  9  is  a  rotation  about  T2,  angle  <f>  is  a  rotation  about  Tj , 
and  angle  is  a  rotation  about  T3.  The  orientation  vectors  are  given  by 


rl 

i 

T2 

=  [R] 

T 

T3 

_  k 
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whoi’e  the  rotation  matrix  is  defined  as 


[R]  =  W  [0]  [t>]  [0] 


fie]  is  given  in  complete  form  at  the  end  r, t  this  section. 


In  most  applications  i 1  =  0 


C  and 


[K] 


cos  fi  sin  fi  cos0 
-sin  fi  co s  fi  cos  0 
0  sin  0 


-sin fi  sin0 
-cos fi  sin0 
cos  0 


This  whole  business  seems  somewhat  awkward,  but  has  been  selected  with 
the  applications  in  mind.  The  cross-section  areas  needer1  for  wave  drag 
calculations  are  determined  by  cutting  planes  having  fi  =  Mach  angle.  The 
cutting  planes  are  distributed  along  the  body  and  taken  over  the  necessary 
viewing  angles  (0). 

Meridian  sections  for  shock  expansion  calculations  are  determined  with 
fi  =  0  and  varying  the  ro«l  angle  <h. 

Intersection  of  Cutting  Planes  and  Configuration  Cieomotry 

It  is  expected  that  analyses  will  required  of  complex  configurations  con¬ 
sisting  of  a  great  many  element;  and  therefore  any  geometry  handling,  such 
as  section  cuts,  must  be  done  ef*iciently.  The  Douglas  Arbitrary  Wave 
Drag  Program  is  an  example  of  ibis.  Earlier  programs  select  a  cross 
section  plane  and  search  the  geometry  lor  possible  intersections.  As  the 
geometry  descriptions  become  more  complex,  it  is  apparent  that  large 
amounts  of  time  are  simply  waited  ii  searching.  The  Douglas  Program, 
however,  selects  an  element  and  determines  any  and  all  inter  sect  ions 
involving  that  element.  The  configuration  elements  are  cycled  and  the 
intersections  collected  according  to  cross-section  —  the  same  result  as 
earlier  programs.  The  big  difference  is  that  each  element  is  "called1' 
only  once. 

The  intersections  are  found  by  projecting  "he  element  into  a  plane  normal 
to  the  cutting  plane.  For  cross  section  cu's  a  plane  containing  Tj ,  '1'2  is 
convenient,  while  for  meridian  cuts  a  piano  containing  T;>,  T-j  is  more 
suitable.  The  procedure  for  meridian  cuts  is  described  beiow. 

A  plane  is  completely  described  by  its  normal  vector  and  a  point  in  the 
plane.  The  sketches  shown  have  implicitly  assumed  this  point  on  the 
x-axis  and.  in  particular,  at  the  coordinate  origin  for  meridian  cuts.  An 
offset  for  the  plane  location  (xo,  yo,  zo)  is  easily  accounted  for  and  will  so 


l  k>2 


be  assumed  in  the  following  discussion.  For  the  definition  established, 
the  three  vectors  associated  with  the  cutting  plane  are  (  Q  =0); 


Tj  =  cos  0  cos  #  T+  cos  6  sin#  j  -  sin  &  b 

T2  =  -  (cos#  Binip  +  sin#  sin  6  cos  #)T  +  (cos#  coeip  -  sin#  sin0  sin  ip) J 

-sin  #  cos  0  k 

T3  =  -  (sin#  sin#  -  cos  <p  sin#  cos  0)  i  +  (sin#  cos  #  +  cos#  sin#  sin#)  j 

+  cos#  cos  6  k 

Once  the  plane  axis  (Tj)  is  set JJ>,  Rvalues  given),  the  projection  plane 

is  fixe  !  and  for  simplicity  the  T T3  plane  at  #  =  0  is  used^ _ H  e 

coordinate  axis  of  the  projection  plane,  designated  YP  and  2P  are 


YP  =  (T2)0_o  -  -sin#i  +  cos  tp  j 
ZP  -.t  (^3^-0  =  3in^  cos  #  i  +  sin#  sin  tp  j  4- cos  dk 

The  corner  points  of  the  quadrilateral  are  piojscted  into  the  YP,  ZP 
plane.  The  radius  vector  to  a  corner  point  is 


R(N)  =  X(N)i  +  Y (N)  j  +  Z(N)  k 
and  the  projected  components  are 


YP(N)  =  R(N1  •  YP  -  -  X(N)  sin  #  +  Y (N)  cos  ip 

ZP(N)  -  R  N)  •  ZP  =  X(N)ain#  cos#  +  Y(I\)  Gin#  sin#  +  Z(N)cos# 
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be  assumed  in  the  following  discussion.  For  the  definition  established, 
the  three  vectors  associated  with  the  cutting  plane  are  (  =0); 

Tj  =  cos  9  cos  T  +  cos  9  sin (p  j  -  sin  9  b 

-  -  (cos  (p  jin  <i>  +  sin$  sin  $  cos  if>) 7  +  (cos0  cos  $  -  sin^  sin  9  sin  ^»)J 

-sin  <p  cos  9  k 

T3  s  -  (ein<£  sirup  -cos0  BinO  cos^)i  +  (sin0  cos1/'  +  cos^  sin#  sin \p)j 

+  cos <f>  cob  6  k 


Once  the  plane  axis  (Tj)  is  sct/Jf,  Rvalues  given),  the  projection  plane 

is  fixed  and  for  simplicity  the  T2,  T3  plane  at  <f>  =  0  is  used; _ The 

coordinate  axis  of  the  projection  plane,  designated  YP  and  ZP  are 

YP  r  (T2,0;.o  =  -  s\n  tpi  +  cos 
ZP  =  (Tj),  q  =  sin#  cos  pi  sin#  sin  ip  j  +  ».o8  0  k 

The  corner  points  of  the  quadrilateral  3  ;  •*  projected  into  the  YP,  Z* 
plane.  The  radius  vector  to  a  corner  poiru  is 

R(N)  =  X(Nfi  +  Y(N)J  +  Z(N)k 
and  the  projected  components  are 

YPlN)  =  R(N)  •  YP  =  -  X(i ,')  sin  p  +  Y(N)  cos  P 

ZF(N)  =  R(hTl  ■  ZP  =  X(N)  sin#  costf'  +  Y(N)  sin#  sinip  +  Z(N)  cos  6 


193 


The  four  corner  points  (N  =  1,4)  are  projected  into  this  plane  and  the 
desired  intersections  are  with  toe  vectors,  which  in  this  plane  is 
simply 


Tj  =  sin  YP  +  cos  0^ZP 

The  subscript  K  is  used  to  indicate  a  number  of  planes,  say  1  to  M. 


The  angular  position  of  each  corner  point  is  determined 

A(N)  «  tan-1  (ZP(N)/YP(f!) ) 


and  the  are  interrogated  to  find  the  condition 

<  An<<PK+l 

each  corner  point  ie  assigned  a  plane  number  equal  to  K: 

MP(N)  -  K 


The  plane  numbers  ox  successive  corner  points  arc  tested  for  possible 
intersections  and  if  indicated  the  intersections  are  found.  The  number 
of  intersections  on  the  line  segment  between  two  points  i3  given  by 
the  difference  in  plane  numbers: 

NIN,  N+l  =  I  MP(N)  -  MP(N+1)  I 

An  example  will  help  to  demonstrate  the  procedure.  First,  an  additional 
simplification  is  presented.  If  the  meridian  planes  are  desired  for  equal 
increments  in  A0,  the  corner  point  plane  number  (MP)  is  give:  directly 
by 

MP(N)  =  [tan-1  (ZP(N)/YP(N)  )] &4> 

where  integer  arithmetic  is  assumed  (i.  e.,  the  value  of  MP  is  truncated 
to  next  lower  integer).  For  the  example  than,  consider  equally  spaced 
meridian  planes  as  shown  in  the  sketch  and  calculate  intersections  with 
element  A. 
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|  Corner  Point 
Number  N 

Plane  Number 
MF'N) 

Line  ! 
Segment 

Numl  «r  of  Intersections 
hiP(N)  -  MP(N+1) 

1 

2 

2 

3 

1-2 

2-3 

1 

2 

3 

5 

3-4 

0 

4 

5 

4-1 

3 

The  results  are  presented  in  the  table  and  are  easily  verified  itom  the 
sketch.  It  should  be  noted  that  an  element  line  coincident  with  a  cutting 
plane  does  not  produce  an  intirsec.ion.  Rather,  this  is  recorded  by  the 
"cross -member". 


Calcula  tion  of  Intersection,  Point  I. 


Tne  equation  of  thf  cutting 
plane  projection  is 

a)  YP  =  tan  </<  •  ZP 

and  the  equation  of  pro¬ 
jected  line  segment  is 


b)  ZP  =  (ZP1  -  tan  5  •  YP1)  +  tan  5  •  YP  k‘ 


The  oolut’on  for  the  intersection  of  two  linear  equations  is  easily  found  by 
straightforward  equalities  (i.  e.  ,  YPla  =  YPI^  and  ZPIa  =  ZPI^).  To  avoid 
certain  singularities  however,  the  resulting  equations  may  be  reworked 
algebraically.  Therefor'-,  a  geometric  interpretation  of  the  solution  which 


accounts  for  the  singularities  is  presented.  The  coordinates  of  the 
intersection  (YPI,  ZPI)  are  given  in  terms  of  radius  length  of  the 
intersection,  RI: 


This  equation,  is  well  beh  vec.  since  the  line  segment  and  the  eutr.ing  plane 
c*. o::ot  be  coincident.  The  intersection  in  body  coordinates  is  calculated 
t'  «ecUy  using  the  principle  of  proportional  parts.  The  length  ratio  is 
«.  cd  as 
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(YPI  -  YP1)2  +  (7 PI  -  ZP1)2  1 
(YP2  ••  YPI)2  +  (ZF2  -  YPI)2  j 


YPJ  -  YPI 
YP2  -  YPI 


ZP.l  -  7/P1 
ZP2  -*ZP1 


then 

XI  = 
YI  = 
ZI  = 


X! 

+ 

(X2 

-  Xi)  * 

LR 

Yl 

+ 

(Y2 

-  Yl)  * 

LR 

Zl 

+ 

(Z2 

-  Zl)  * 

LR 

Since  many  elements  are  involved  the  question  naturally  arises  as  to 
whether  the  same  intersection  is  calculated  twice.  That  is,  in  the 
preceeding  example,  since  line  segment  4-1  has  three  intersections 
would  these  same  intersections  be  recalculated  for  the  element  B 
which  also  contains  this  segment? 


Si 


This  duplication  is  avoided  by  selecting  the  line  segments  used  for  any 
given  element.  The  selection  is  based  on  the  way  the  element  points 
are  ordered.  Brielly,  recalling  from  Section  III,  elements  are  loaded 
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by  section  according  to  rows  anc  columns.  Each  element  has  a 
number  and  a  status  flag  and  all  '.hie  information  is  available.  A 
sample  section  of  elements  is  illustrated  below. 


3 

©  © 

©  © 

©  © 

©  © 

2 

©  CD 

m 

CD  © 

©  © 
m 

©  © 

! 

Row  J  =  l 

©  © 
@ 

©  ® 

©  © 

©  © 

etc. 

Column  I  = 

i 

2 

3 

1 

4  ! 

1 
1 

Status  Flag  2 


Corner  Point  Number  ® 
Element  Number  [l| 


A  scheme  to  project  die  line  sagments  is  as  follows: 

1  1  1  project  lines  2-3  and  3-4 

.1=1  also  project  line  4-1 

1=1  also  project  line  1-2 

With  >;his  scheme,,  duplication  is  limited  to  section  boundaries. 


;  -3 


Rotation  Matrix  [R] 


0  rotation  about  T3 


[01 


cog  \Jt  sin  0  0 
-sin0  cos  0  0 
0  0  1 


0  rotation  about 


k 


0  rotation  about 


10) 


|  cos  6 

0 

-sin  9  1 

0 

1 

0  ! 

|_  sin  $ 

0 

cos  9  j 

[0J 


1  0  0 
0  cos  0  -sin0 
0  sin0  co  s0 


[0] 


r  cos/?  sin/?  0 

(••sin/?  cos  /?  0 

0  0  1 
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[Rl 


j 

The  vectors  Tj,  T^,  are  given  by 


T2 

=  m 

i 

j 

T„ 

L  :>  J 

K_ 

where  [R]  -  [£]  [0]  [0]  [0] 


[coa^coa  0 cosup-  sin$(cos<p  sin^+sin^  sin#co3  ip)] 

[cos ft  cosd  sin^f  sin./S(coo<5!fco30  -sm^sin#  sini/;)] 
-[cos/?ain0  +sin5sin0cos  0] 

-[sin/Jccs  ^coct/H-coa  8(cos<fi  ainlp+ain<f>a  si9  cos  ^))) 

Isinflcos#  sinl/>+cos/?(co8f£cos  p-ain<f>ain9  sim^] 
[ain/JsinQ  -coa/*8ir'0co£ 


-[sin^sin^-coo0sin0cosv'']lsin0  cos^+coa«£sin0  8um//J[cos0co3  0] 
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SECTION  XII 


COMPUTER  GRAPHICS 


The  use  of  computer  graphics  has  been  a  key  feature  of  the  Arbitrary- 
Body  Program  since  its  inception.  The  first  picture  drawing  routine 
was  prepared  as  early  as  J  (for  the  Mark  II  program).  The  first 
on-line  gr  .phics  program  using  the  IBM  2250  was  prepared  in  1966. 

The  use  and  importance  of  graphic*  capabilities  in  checking  out  geo¬ 
metry  data,  has  been  adequately  documented  in  a  number  of  references 
by  user*  cf  the  Mark  III  version  of  the  program.  The  techniques  used 
m  the  cU  Mark  III  program  and  its  supporting  on-line  graphics  pro¬ 
grams  have  been  adapted  and  used  by  a  number  of  organisations  in  the 
development  of  their  own  graphics  programs.  Versions  of  the  Mark  III 
Picture  Drawing  Program  have  b  ’(en  prepared  for  several  different 
types  of  hardcopy  devices  including  the  SC-4020,  SD-4060,  CALCOMP, 
and  the  Gerber  Plotter.  Since  mw*t  users  of  the  new  Mark  IV  program 
already  have  picture  drawing  programs  developed  for  the  support  of 
the  old  Mark  Hi  program  it  ha9  not  been  necessary  to  include  a  graphics 
program  within  the  new  program  on  its  initial  release. 

The  use  of  interactive  graphics,  such  as  is  possible  with  tile  IBM  2250 
and  the  CDC  274  cathode  ray  tube  equipment  in  combination  with  suit¬ 
able  hardcopy  or  camera  equipment,  is  by  far  the  most  efficient  type  of 
computer  graphic*;  operation.  The  term  "in1  tractive  graphics"  implies 
that  the  engineer  has  direct  and  real  time  control  of  the  operation  of  a 
graph  .es  program  (the  selection  and  mar  ipulation  of  input  data,  program 
options,  viewing  angles,  output  data, etc.',.  Hiwever,  the  use  of  inter¬ 
active  graphics  in  an  engineering  application  should  be  carefully 
•weighed  against  the  cost  of  program  development  and  the  very  high  cost 
of  program  operation. 

The  use  of  computer  graphics  to  checkout  arbitrary-body  geometry  data 
is  well  understood.  However,  the  use  of  graphics  in  presenting  flow 
field  data  is  a  relatively  new  development.  As  was  the  case  with  the 
geometry  picture  drawing  in  the  beginning  we  should  ask  the  question  • 
why?  V/hy  do  we  need  flow  field  graphics?  For  the  geometry  problem 
it  was  to  check  the  input  shape  data.  Fcr  the  flow  field  data  problem 
computer  graphics  can  be  used  to  monitor  intermediate  program  output 
data.  The  objective  here  would  be  to  shew  in  a  graphical  form  the 
vehicle  generated  shockwaves,  embedded  flow  boundaries,  anc.  surface 
streamlines. 

A  vary  simple  scheme  haB  been  used  in  the  latest  version  of  the  Douglas 
IBM  2250  Graphics  Program  to  allow  the  easy  addit'on  of  flow  field 
plotting  capability.  The  trick  used  is  to  convert  tb  flow  field  informa¬ 
tion  into  standard  geometry  data  format  (complete  w  th  status  flags,  etc.). 
It  is  then  possible  to  submit  the  flow  field  data  to  the  picture  drawing 
program  just  as  though  it  were  geometry  data.  The  addition  of  a  dotted 
line  routine  under  the  control  of  the  program  operator  helps  to  separate 
the  flow  field  data  from  the  actual  geometry  data. 


•k*.— •  •  **  * 
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The  series  of  pictures  shown  in  Figures  60  through  62  illustrate  the 
operation  of  this  program.  Figure  60  shows  the  body  generated  flow 
field  and  Figure  61  the  wing  fiel  d.  A  side  view  of  the  vehicle  flow 
field  at  5°  angle  of  attack  is  shown  in  Figure  62. 

The  flow  field  data  recessary  tv',  construct  these  types  of  pictures  are 
gener.\ted  in  the  flow  field  option  of  the  Mark  IV  program  and  stored 
on  the  flow  field  storage  unit  10.  The  manner  in  which  these  data  are 
stored  is  described  in  Section  II  of  Volume  III.  Users  wishing  to 
modify  their  own  graphics  progiams  to  produce  flow  field  pictures 
should  study  this  section  carefully. 

The  following  discussion  and  derivations  related  to  computer  graphics 
are  presented  in  the  interest  of  completeness  and  to  aid  nr.w  users  of 
tile  Arbitrary  Body  Program  system.  Some  new  suggested  features 
for  existing  graphics  programs  are  also  discussed. 

Picture  Drawing  Methods 

As  explained  in  Section  III,  the  geometric  shape  of  a  vehicle  is  defined 
by  input  sets  of  points  in  three-dimensional  space.  A  grouping  of  four 
surface  points  is  used  to  describe  a  surface  element.  An  organization 
of  a  large  number  of  related  elements  forms  a  body  panel  and  a  nui  iber 
tit  panels  describe  a  vehicle  component.  Several  components  are 
usually  used  to  make  up  the  complete  vehicle.  The  equation?  required 
to  produce  perspective  drawings  of  the  geometry  data  arc  derived  in 
the  following  paragraphs. 
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Each  point  on  the  surface  is  described  by  its  coordinates  in  the  body 
reference  coordinate  system. 

X 

Y 

V 

.  “J 

The  body  reference  coordinate  system  is  assumed  to  be  a  conventional 
right-handed  Cartesian  system  as  illustrated  below. 


Z 


To  create  the  perspective  drawings  illustrated  in  this  report  each 
surface  point  on  the  body  must  be  rotated  to  the  desired  viewing 
angle  and  then  transformed  into  a  coordinate  system  in  the  plane 
of  the  paper.  With  zero  rotation  angles  the  body  coordinate  sy&t  ;m 
is  coincident  with  the  fixed  system  in  the  plane  cf  the  paper. 


Y 

o 


The  rotations  of  the  body  and  its  coordinate  system  to  give  a  desired 
viewing  angle  are  specified  by  a  yaw -pitch -roll  sequence  (4y  0,  4>). 
This  rotation  is  given  by  che  following  relationship: 
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Since  each  point  on  the  surface  is  given  by  its  coordinates  in  the 
X,  Y,  Z  system, its  position  in  the  fi>;ed  coordinate  system  (X  ,  Y  , 
ZQ)  may  be  found  by  reversing  the  abo  re  proce  ss.  VJ 


If  we  carry  out  this  operation  we  obtain 


’cosecosijj 

-sm4>  cosiJ’+sinGcos'.j;  sin<j> 

sinvi  sin$4  sinGcosi^ 

COSlf 

= 

<:<•  jsi.'V 

cosi|j  cos^+sinFsinijj  sin't' 

-cosii  sind>+sin8siruii 

costf 

-sinG 

cosGsint*,- 

cosO  COSlS 

. 
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Xo  -XfcosOcosip)  +  Y(-sir;  .,'.cus4>+sin0cosi|isin<|>)  +  Z{8imf,3in(}>+oin0cos'J>cos4,) 

Yq  =X(cos9sin4j)  +  Y(cos.;cos4>+sin0sintl<sin4>)  f  Z(-coa  j;sin£fsinesini>cos$) 

Zq  =X(-sin8)  +  Y(cosGsin<i>)  +  Z(cos0cos4) 

We  may  now  use  these  last  two  equations  to  transform  a  given  pqint  on 
the  body  (X,  Y,  Z)  with  a  specified  set  of  rotation  angles  (4g4>»  3)  into 
the  plane  of  the  paper  (the  Y  ,  Z o  system).  With  the  available  graphics 

subroutines  it  now  becomes  a  simple  matter  to  plot  these  date  and  to 
connect  the  related  points  with  straight  lines. 

In  the  surface  fit  technique  used  in  this  program  and  described  in 
Reference  3  •  each  input  element  is  replaced  by  a  plane  quadrilateral 
surface  element  whose  characte ristics- are  used  for  all  subsequent 
calculations.  These  characteristics  include  the  area,  cencroid,  and 
the  direction  cosines  of  the  surface  unit  normal.  The  surface  unit 
normals  may  be  transformed  through  the  required  rotation  angles 
just  as  was  done  for  the  individual  points.  The  resulting  value  of 
the  component  of  the  unit  normal  in  the  direction  (out  of  the  plane 

of  the  paper)  may  be  found  from  the  following  equation. 


-  nx(cos0cos  ij.J+n^t-sin^cos^+sinScosfjsiml))  tnz(sini|isin(i)+sin0cos4jcos4>) 

where  n^,  n^,  are  the  components  of  the  surface  unit  normal  in  the 
vehicle  reference  system. 

If  n  is  positive  then  the  surlace  element  is  facing  the  viewer.  If  n 

o  o 

is  negative  the  element  faces  away  from  the  plane  of  the  paper.  This 
result  is  used  in  the  program  to  provide  the  capability  of  deleting  most 
of  those  elements  on  a  vehicle  that  normally  could  not  be  seen  by  a 
viewer.  The  resulting  picture  is  thus  made  more  realistic  and  confusing 
elements  which  are  on  the  back  side  of  the  vehicle  do  not  appear.  No 
criterion  is  provided,  however,  for  the  delet  on  of  those  elements  that 
face  the  viewer  but  a.e  blocked  by  other  body  components.  This  may 
be  accomplished  by  a  proper  selection  of  viewing  angle  or  by  a  physical 
deletion  of  the  offending  section  from  the  input  data. 
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The  pictures  generated  by  the  above  procedures  are  not  true  per¬ 
spective  pictures  but  represent  the  limiting  condition  where  the 
viewing  'eyeball"  is  positioned  at  infinity.  That  is,  the  picture  does 
not  exhibit  a*>y  foreshortening  that  exists  when  a  three-dimensional 
object  if  viewed  ciose  at  hand.  These  types  of  pictures  are  cer¬ 
tainly  acceptable  for  the  purpose  for  which  they  were  intended  -  to  check 
out  geometry  data.  However,  for  some  applications  it  may  be  desirable 
loha-  e  the  computer  produce  true  perspective  pictures.  The  procedures 
nece  isavy  to  accomplish  this  are  discussed  below. 

In  past  arbitrary-body  picture  drawing  programs  the  picture  has  been 
drawn  in  the  Y-Z  plane,  with  the  X-axis  projecting  out  of  the  picture 
screen  and,  therefore,  not  affecting  the  resulting  image.  To  obtain 
a  true  perspective  image  it  is  .oecesaarv  to  know  the  position  of  the 
imaginary  eyeball  (or  camera  .ensej  relative  to  the  rotated  position 
of  the  shape.  A  viewing  ray  ie  assumed  to  exist  between  each  point  on 
the  shape  and  the  eyeball.  The  true  perspective  image  is  then  formed 
by  determining  where  these  rays  pass  through  a  viewing  plr  ne  placed 
parallel  to  the  Y-Z  plane  and  between  the  shape  and  the  eyeball.  The 
position  of  the  viewing  plane  is  not  important  as  long  as  it  is  outside  the 
rotated  shape.  The  closer  the  viewing  plane  is  to  the  eyeball,  the 
smaller  the  perspective  image.  This  process  is  illustrated  below. 


The  resulting  equations  for  the  image  position  of  a  point  are  as  follows 
YP  =  Yo  +  <<Yo  -  Yeye>  '  <Xo  "  Xeye>  >  *  <Xvpln  “  Xo> 


Z0  =  Z  +  <(Z„  -  Z  1  /  (Xn  -  XI)  *  (X,  -  X  ) 


a 


A  FORTRAN  subroutine  to  accomplish  the  perspective  conversion  is 
shown  below.  A  sample  picture  produced  by  this  process  is  shown  in 
Figure-  63. 

SUBROUTINE  PERSPC 
DIMENSION  XO  (4);  YO(4)ZO(4) 

COMMON  /PER/XO,  YO,  ZO,  XE  YE,  YEYE, ZEYE,  XVPLN 
C  DO  I, OOP  TO  CONVERT  FOUR  ELEMENT  CORNER  POINTS 
TO  PERSPECTIVE 
DO  10  1=1,4 

CORK  =  (XVPLN-XO(I)  )  /  (XO(I)-XEYE) 

Y©Y(I)  =  YO(I)  +  (YO(I)-YE YE)  *  CORR 
jtpXd)  =  ZO(I)  +  (ZO(I)-ZEYE)  *  CORR 
10  CONTINUE 
RETURN 
END 

Past  arbitrary-body  graphics  programs  have  drawn  each  element 
separately.  That  is,  each  element  was  drawn  independently  by  the 
graphics  device.  This  meant  that  the  common  line  between  adjacent 
elements  was  drawn  twice.  This  did  not  present  a  problem  on  hard 
copy  devices  such  as  the  SE'-4060  or  CALCOMP.  However,  on  some 
machines  such  as  the  IBM  2250  it  may  not  be  possible  to  get  all  ele¬ 
ments  of  a  vehicle  shape  drawn  on  the  screen  at  one  time  because  of 
machine  vector  storage  limitations.  However,  a  method  has  been 
worked  cut  to  avoid  this  duplicate  drawing  of  lines  between  adjacent 
elements  and  some  users  may  wish  to  modify  their  existing  programs 
accordingly.  The  procedure  used  is  quite  simple  and  involves  the  use 
of  information  already  available  in  the  geometry  analysis  part  of  most 
arbitrary-body  programs.  The  basic  method  of  identifying  the  points 
of  an  element  (and  also  of  drawing  the  element  in  the  graphics  pro¬ 
gram)  involves  a  clockwise  numbering  of  the  points  as  shown  below. 


A  single  panel  containing  several  elements  is  described  below.  The 
left  figures  shows  the  element*,  as  they  were  originally  drawn  by  the 
program.  The  right  figure  illustrates  the  lines  that  are  used  in 
drawing  the  same  elements  in  ti  e  new  version  of  the  program. 


N=1  N=2  N=3  N=1  N=2  N-  3 


2  l  0 


Each  vertical  column  or  elements  is  identified  by  the  parameter  N.  The 
element  number  in  a  given  column  is  identified  by  the  parameter  1.  Both 
of  these  parameters  are  available  in  the  part  of  the  program  that 
generates  the  quadrilaterals  from  the  input  data. 

In  the  diagram  at  the  right  note  that  line  1-2  for  each  element  is  drawn 
only  when  N=  i.  Line  23  is  drawn  for  ail  values  of  N  and  I,  as  is  line 
3-4.  Line  4-1  is  drawn  for  1=  1  only.  It  would  be  a  simple  matter  to 
store  the  N  and  I  parameters  in  the  bead  along  with  the  Y-  Z  values, 
and  to  check  these  values  in  the  DISPLAY  routine  to  determine  which 
lines  are  to  be  drawn. 

The  above  procedure  will  avoid  the  duplication  of  line  drawing  within  a 
given  section  of  a  vehicle  (until  the  next  STATUS=2  is  reached).  Adjacent 
vehicle  sections  will  still  have  some  duplication  of  lines  at  the  section 
edges.  However,  it  is  not  worth  the  effort  tc  try  to  develop  a  scheme  to 
avoid  this. 

Application  of  the  above  scheme  of  checking  on  the  N  and  I  parameters 
will  also,  at  times,  leave  a  line  undrawn  that  we  actually  would  like  to 
have  in  place.  This  occurs  at  the  edges  of  pictures  as  is  illustrated  for 
a  single  cross-section  of  elements  in  the  ciagram  below. 


In  the  above  drawing  the  subscript  r  is  used  to  indicate  a  reflected 
element  due  to  shape  symmetry.  Elements  3,  2  and  lr  through  5^ 
are  not  drawn  because  they  do  not  face  the  viewer.  Note  that  one  side 
of  element  3  will  not  he  drawn  (using  the  N  and  I  parameter  checks 
alone)  since  side  4-1  would  normally  be  drawn  if  element  2  faced  the 
viewer.  Sulrt  4-1  of  element  6r  is  not  drawn  for  the  same  reason. 
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The  abo^e  situation  can  be  corr  ected  by  introducing  two  new  flags  to 
supplement  the  N-I  parameter  checks.  These  two  flags  (IN  and  INR  in 
our  program)  are  used  to  indicate  when  the  preceding  element  on  that 
same  side  *n  the  vehicle  was  not  drawn  because  it  did  not  face  the 
viewer.  Each  time  an  input  element  is  drawn  the  IN  parameter  is 
set  to  zero.  If  it  is  not  drawn  because  it  does  not  face  the  viewer 
(NXO.LE.  0.0)  then  it  is  set  to  1.  Elements  on  the  reflected  side  of 
the  symmetry  plane  are  handled  in  the  same  manner  with  the  INR  flag. 

A  third  flag,  IFLAG  is  used  to  indicate  when  we  are  on  the  input 
element  side  (IFLAG=0)  and  when  we  are  on  the  reflected  side 
(IFLAO=i).  The  complete  checking  procedure  for  the  above  situations 
is  as  follows. 

Draw  line  1-2  when 
N  =  1  or 

IFLAG  =  0  and  IN  =  1  or 
IFLAG  =  1  and  INR  =  1 

Draw  line  4-1  when 
1=1  or 

IFLAG  =  0  and  IN  =1  or 
IFLAG  =  1  and  INR  =  1 

Draw  lines  2-3  and  3-4  for  all  conditions 

The  preceding  checking  procedure  will  produce  complete  pictures  with 
a  minimum  amount  of  line  duplication  for  most  vehicle  shapes.  However, 
there  is  still  another  situation  that  has  not  been  handled  by  these  checks. 
This  duplication  is  shown  in  the  drawing  below. 


This  situation  has  not  been  corrected  as  yet  in  the  Douglas  program. 

The  solution  involves  the  addition  of  yet  another  set  of  flags  similar  in 
concept  to  the  IN  and  INR  flags.  Only  this  time,  the  flags  will  have 
to  be  subscripted  arrays.  The  procedure  essentially  involves  a  check 
to  see  if  the  last  element  that  had  the  same  value  if  I  v/as  drawn  or  not. 
For  example,  in  the  drawing  above,  if  element  1  was  not  drawn  then 
side  1-2  of  element  5  must  be  drawn.  The  same  applies  to  elements 
2-6,  3-7,  and  4-8. 
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